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Chapter 1: General Introduction 
Integrating winter cereal grain production systems into the North Central U.S. 
provides a unique challenge because producers are comfortable with their current corn (Zea 
mays L.)/soybean [Glycine max (L.) Merr.] systems and may be hesitant to expand their 
rotations. However, by introducing a winter cereal grain into a corn/soybean rotation, 
producers will have a crop alternative that can diversify income (Exner and Cruse, 2001 ), 
improve yields of subsequent crops (Singer and Cox, 1998; Crookston et al. , 1991), improve 
soil quality (Reicosky and Forcella, 1998), and disrupt pest cycles (Cook, 1988). 
Using a winter cereal grain as a companion crop can provide producers a cash grain 
crop while minimizing soil erosion (Kaspar et al., 2001) and weed competition (Van Heemst, 
1985) during legume establishment. Early research on companion crops reported 
considerable differences among winter and spring cereal grain crops in their effectiveness to 
establish a legume stand (Klebesadel and Smith, 1959). Opportunities exist for utilization of 
modern winter cereal grain varieties with similar plant heights to spring crops more often 
used for legume establishment (Skrdla and Jannink, 2005a,b). A legume crop growing 
during the fallow period following winter cereal grain harvest could provide weed 
suppression (Mutch et al., 2003), N for subsequent crops (Hesterman et al., 1992), and 
reduced erosion and forage for livestock (Scott et al., 1987). 
Optimum seeding rates for winter cereal grains are critical for an efficient, high 
yielding grain crop (Smid and Jenkinson, 1979; Whaley et al., 2000). Likewise, small-
seeded legume seeding rates can influence stand densities, dry matter (DM) production and 
forage quality (Hall et al., 2004b; Volenec et al., 1987). Rate recommendations exist for both 
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winter cereal grains (Hansen, 1994) and small-seeded legumes (Taylor et al., 1995; Hall et 
al., 2004a) as monocrops, but not for an intercrop system. 
The goal of this thesis work was to identify optimum seeding rates for intercropping 
red clover (Trifolium pratense L.) in either winter wheat (Triticum aestivum L.) or triticale (X 
Triticosecale Wittmack) in the North Central U.S. Resource competition, grain yield, and 
red clover establishment, DM and forage quality were measured. Research results 
demonstrated that a winter cereal grain-red clover intercrop can successfully be established in 
the North Central U.S. and can provide producers in this region a viable addition to their 
current cropping systems. 
Thesis Organization 
This thesis is organized in journal manuscript format. Chapter 1 is a general 
introduction and a description of the thesis content. Chapter 2 is a literature review of 
previous research relating to winter cereal grain seeding rates, legume establishment, forage 
legume quality and resource competition among plants. Chapter 3 contains a manuscript 
evaluating optimum seeding rates for winter cereal grains and frost-seeded red clover 
intercrops that will be submitted to a scientific journal. Chapter 4 contains a manuscript 
documenting the effects of seeding rates in a winter cereal grain/red clover intercrop system 
on red clover DM production, forage quality, and N contribution that will also be submitted 
to a scientific journal. Chapter 5 contains general conclusions developed from this research. 
Appendices containing ANO VA tables for results of this study and additional cereal grain 
data not included in either manuscript will follow the general conclusions. Literature cited 
for the manuscripts is included in the chapter for each paper. Literature cited for the general 
introduction, literature review and general conclusions follow the appendices. 
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Chapter 2: Literature Review 
Cereal Grain Stand Establishment 
Many factors influence the yield of a cereal grain crop. They range from genetic, 
physiological and environmental influences to various cultural practices, such as seeding 
depth, planting dates, and seeding rates. Because climate and production goals vary from 
region to region and across cropping systems, it is necessary to evaluate production practices 
that are most effective for cropping systems within a specific region. 
Seeding Rates in Cereal Grains 
Seeding rates of cereal grains have been studied for several decades as researchers 
seek to find the best environments, cultural practices, and seeding methods for achieving 
optimum grain yields. Teich and Smid (1993) discuss optimum seeding rates as the concept 
of increased amounts of seed leading to increased overall yields. This theory is accurate until 
a certain plateau is reached. 
Depending on the species, a critical point is reached where additional increases in 
seeding rate, beyond those resulting in the yield plateau, will result in declining yields. 
Willey and Heath (1969) refer to this grain yield response to increasing seeding rates as a 
parabolic response with yields rising rapidly, reaching a plateau over a wide range of 
densities and then decreasing slowly, as seeding rates are increased. In a seeding rate by date 
study with winter wheat, Smid and Jenkinson (1979) experienced this parabolic response 
when their highest seeding rate of 168 kg ha·' yielded lower than the next highest seeding 
rate of 134 kg ha·'. Ahmadi et al. (1988) experienced a similar parabolic response in one of 
their Ohio locations when studying seeding rates and time ofN application in oats (Avena 
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sativa L.). They found higher yields at a seeding rate of 108 kg ha-1 versus the maximum 
rate of 143 kg ha-1• 
Optimum seeding rate recommendations will vary from region to region and species 
to species and sometimes even within an individual field. For example, Smid and Jenkinson 
(1979) obtained their highest yields of soft white winter wheat in Ontario using a rate of 134 
kg ha-1• A no-tillage winter wheat study in Kansas had similar results in which wheat yields 
were maximized with rates greater than or equal to 134 kg ha-1 (360 seeds m-2; Staggenborg 
et al., 2003). This rate was approximately 35 kg ha-1 (90 seeds m-2) more than the 
recommended rate for continuous wheat in Kansas (Shroyer et al., 1996). The location and 
climate varied greatly between Ontario and Kansas, yet the recommendations from each 
study were similar. On the other hand, among eight fields of soft red winter wheat in 
Pennsylvania, only three fields produced yield responses to changes in planting density 
ranging from 101to235 kg ha-1, an increase of 134 kg ha-1 (Frederick and Marshall, 1985). 
Following this same, inconsistent pattern, seeding rates between 103 and 412 seeds m-2 
produced maximum yields at varying locations in Kansas (Ferguson et al., 1989). Both 
studies contained a range of optimal seeding rates for specific locations and conditions; 
however, final yields were often balanced among seeding rates by changes in the various 
yield components. 
Yield plateaus vary among species and are influenced by the availability of nutrients, 
water, sunlight, or the competition with other plants (Hay and Walker, 1989). Competition 
among neighboring cereal grain plants may affect one of three main yield components: 
spikes per unit area, number of kernels spike-1 and individual kernel weight (Joseph et al., 
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1985; Hay and Walker, 1989; Blue et al., 1990; Holen et al., 2001). The plant response to 
environment is exhibited by adjustments made in these yield components. 
Smid and Jenkinson (1979) found that as seeding rates increased from 34 to 168 kg 
ha-1, the number of spikes increased from approximately 3.9 to nearly 5.5 million spikes ha·1. 
At the same time, the average kernel number decreased from 31to27 kernels spike-1• This 
study demonstrated the yield plateau that can be reached as plants adjust yield components to 
the environment. Similar results were reported in a winter wheat seeding rate study from 
Pennsylvania using rates between 101 and 235 kg ha·1• The winter wheat experienced linear 
and quadratic tiller number increases and similar decreases in the number of kernels spike-1 
as the seeding rates exceeded 101 kg ha·1 (Frederick and Marshall, 1985). 
Similarly, an oat seeding rate study in Ohio reported a general increase in the number 
of panicles m·2 as the seeding rates increased, but emphasized that there was a significant 
decrease in the number of seeds panicle-1 with each rate increase (Ahmadi et al., 1988). At 
the lowest rate of 36 kg ha-1, both research locations averaged approximately 67 seeds 
panicle-1 compared to the highest seeding rate of 143 kg ha·1 yielding only 36 seeds panicle-1• 
Two challenges exist when researching seeding rates in cereal grains. First, seeding 
rates have traditionally been expressed in volume or mass per unit of area. This is a problem 
when seed size, weight and purity vary from species to species, year to year, and location to 
location (Paulsen, 1987). Currently, more researchers are making recommendations in seeds 
per unit area. This compensates for varying seed characteristics, but does not eliminate the 
inconsistencies when trying to convert previous research from mass or volume measurements 
to seeds per unit area. 
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The second challenge when researching seeding rates in cereal grains is to ensure that 
the rates selected span the entire range of yield possibilities. Extremely low and high rates 
should be represented in the study to ensure that the recommended rate displays the 
maximum yield potential of the crop. For example, Staggenborg et al. (2003) added a higher 
seeding rate in the second and third years of their study because yield was not maximized in 
the first year. Seeding rates affect the overall yield, production of tillers, number of spikes, 
kernels spike-1 and kernel weight. Therefore, it is necessary to provide producers with 
optimum seeding rates specific to their region and crop species. 
Planting Dates in Cereal Grains 
Planting date is another major factor affecting yield, and more specifically, yield 
components of cereal grains. Multiple studies report decreased yields with delayed planting 
date past an optimum planting window (Darwinkel et al, 1977; Knapp and Knapp, 1978; 
Dahlke et al., 1993; Witt, 1996). Region naturally affects planting dates due to climate. In 
Ontario, Smid and Jenkinson (1979) reported a yield reduction of23 kg ha-1 ifthe planting 
date was delayed past October 9. They found that wheat planted at later dates had higher 
percentages of winterkill and delayed development during the growing season. On average, 
the plants matured 2 to 4 days later for every two weeks of delayed planting. Planting dates 
later than October 9 resulted in a 6 to 16% reduction in spikes ha-1• This research suggested 
that spikes ha-1 was the most important yield component affecting the overall yield (Smid and 
Jenkinson, 1979). 
In New York, Knapp and Knapp (1978) found that winter wheat planted in mid- to 
late-September had greater winter survival and had grain yields 20 to 25% higher than wheat 
planted in early- to mid-October. In Kansas, Witt (1996) found a 23% yield loss from 
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delaying planting from October 1 to November 1 and another 18% yield reduction from 
delaying planting from November 1 to December 1. In Iowa, yield reductions of 13 to 29% 
were reported when triticale planting was delayed from late-September to mid-October 
(Schwarte et al., In press). 
Interactions Between Seeding Rates and Planting Dates 
Increasing seeding rates has been effective in overcoming yield reductions in 
response to delayed planting (Darwinkel et al., 1977; Blue et al., 1990; Dahlke et al., 1993; 
Spink et al., 2000). By increasing seeding rates, the number of plants m-2 will increase and 
compensate for the reduced tiller number resulting from the later planting date. Blue et al. 
(1990) showed that when selecting later planting dates, increasing seeding rates from 34 to 
101 kg ha-1 increased grain yields linearly in Nebraska. In Wisconsin, Dahlke et al. (1993) 
reported maximum yields were reached at 300 seeds m-2 with an early-September planting 
date. However, the higher rates of 450 and 600 seeds m-2 were needed to obtain comparable 
yields with late-September and October planting dates. 
Darwinkel et al. (1977) studied seeding rates and planting dates in the Netherlands 
and found that with early planting dates (early-October to early-November), the seeding rate 
did not affect yield. It was only in the later planting date of mid-November to mid-
December, that the increased seeding rate affected grain yield. This was attributed to a 
decrease in spikes m-2 (Darwinkel et al., 1977). In England, Spink et al. (2000) sought to 
maximize grain yield of winter wheat over varying planting dates. When increasing the plant 
density from the lowest seeding rate (20 seeds m·2) to the highest seeding rate (640 seeds m·2) 
the grain yields increased from 33 to 100% in the earliest planting date (late-September) 
compared to 200 to 250% increases in the latest planting date (mid-November). 
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The results of these planting rate by date studies emphasize that factors influencing 
grain yield response to seeding rate are interconnected with planting date. At the same time, 
they also reiterate the difficulty encountered when recommending optimum planting rates 
and dates. It is clear that the response of cereal grain yield to these two factors, in connection 
with other environmental and cultural elements, emphasizes the need for specific 
recommendations for a given region, cropping system, and even planting dates within a 
region. 
Row Spacing and Seeding Depth in Cereal Grains 
Seeding rate studies often involve evaluations of seed placement and spacing between 
rows. Optimum spacing between rows can range from 10 to 15 cm with high seeding rates to 
35 cm with low seeding rates (Paulsen, 1987). When maintaining seeding rate and 
decreasing the row spacing, numerous studies have reported increased grain yields. In the 
northeastern USA, Frederick and Marshall (1985) found an 8% grain yield increase by 
decreasing soft red winter wheat row spacing from 17.8 to 12.7 cm. Spikes per unit area was 
the primary yield component that contributed to the yield increase. 
When reducing row spacing from 19.2 to 6.4 cm in Indiana, Marshall and Ohm 
( 1987) reported a 6% yield increase when evaluating 16 winter wheat cultivars over two 
years. Studies in Virginia and Georgia found yield increases of 8 to 10% when reducing the 
row spacing from 20 to 10 cm (Joseph et al., 1985; Johnson et al., 1988). In both studies, an 
increase of spikes m-2 in the narrower row spacing contributed most to the yield increase. 
However, a decrease in row spacing does not consistently increase yields. Two Canadian 
studies found that reducing row spacing increased plant density, but had little or no effect on 
yield (Teich et al., 1992; McLeod et al. , 1996). 
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Seed placement within the row is typically random and difficult to measure. 
However, an obvious conclusion can be stated - as seeding rates increase in a given area, the 
number of seeds placed in a given length of row must also increase. Seeding depth on the 
other hand, is more easily measured even though it is often difficult to maintain specific 
depths with varying soil characteristics and planting equipment. For most cereal grains, a 
seeding depth of 2 to 4 cm is most common, but under dry conditions, the depths may reach 8 
to 12 cm (Paulsen, 1987). Comparing planting depths of 1.9 and 3.8 cm in Pennsylvania, 
Frederick and Marshall (1985) reported only one of eight locations that had significant yield 
loss with the deeper planting depth. Two studies in Saskatchewan found that depth of 
planting influenced plant survival, but had little influence on final yields (Campbell et al. , 
1991 and McLeod et al., 1996). Nonetheless, as planting depth increases, the ability for the 
seedling to emerge and the plant to develop normally will decrease. Therefore, management 
decisions relating to seed placement must be made respective to soil type and structure, field 
conditions and most importantly, the availability of soil moisture. 
Forage Legume Stand Establishment 
Planting procedures for small-seeded forage legumes such as alfalfa (Medicago sativa 
L.) or red clover will vary depending on management practices and the intended end use of 
the forage crop. Forage legumes are most often used as livestock feed, but can also be 
planted to provide a nitrogen source to companion crops or to be used as a green manure for 
future crops (Van Keuren and Hoveland, 1985; Tesar and Marble, 1988; Hesterman et al. , 
1992; Singer and Cox, 1998). When seeking to establish a legume for forage production, the 
producer may seed the legume as a monoculture (often called direct or solo seeded) or they 
may use a companion or nurse crop (Tesar and Marble, 1988; Sheaffer et al. , 1988; Brink and 
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Marten, 1986). However, even with different methods of seeding and managing forage 
legumes, similar seeding rates and practices are often employed for both direct seeding and 
companion crop seeding (Becker et al., 1998; Sheaffer et al., 1988). 
Legume Seeding Methods 
Accomplishing good seed-to-soil contact is critical to establishing a legume stand 
(Van Keuren and Hoveland, 1985; Tesar and Marble, 1988; Gibson and George, 2004). Seed 
sizes for alfalfa and red clover range from 1 to 3 mm long by 1 to 3 mm wide; therefore, they 
should not be planted very deep (Gibson and George, 2004). Van Keuren and Hoveland 
(1985) suggest placing red clover seed in the top 0.5 to 1 cm of soil to allow for proper 
seedling emergence and development. Soil type and seedbed conditions, as well as moisture 
availability and crop species, are all critical factors in making such recommendations. 
Undersander et al. (1994) recommend adjusting alfalfa seeding depths according to soil types 
by placing seed 0.6 to 1.3 cm deep in medium and heavy textured soils and l .J to 2.5 cm in 
sandy soils. Where soil moisture is adequate, the planting depth can be decreased to increase 
the percentage of plants that will emerge (Undersander et al., 1994; Gibson and George, 
2004). When a legume is direct seeded, the seed can be placed on top of the soil, such as 
broadcasting, or it can be drilled. If the seed is broadcast, it is often incorporated into the soil 
using a light harrow or roller packer (Tesar and Marble, 1988; Van Keuren and Hoveland, 
1985; Fribourg and Strand, 1973 ). 
One of the most common forage legume seeding methods involves the use of a 
companion crop, usually in the form of a cereal grain and most commonly oat (Tesar and 
Marble, 1988). From a mail survey in 1984, Tesar and Marble (1988) estimated about 60% 
of spring seeded alfalfa in the north central and northeastern USA was grown under a 
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compamon crop. The same survey reported 85% of the alfalfa established in Iowa was 
seeded under a spring companion crop (Tesar and Marble, 1988). In a similar survey of 500 
Minnesota forage producers in 1990, researchers reported that 85% of those surveyed used 
companion crops in establishing their forage stands (Simmons et al., 1992). In addition to 
protecting an establishing legume stand, companion crops provide additional benefits to the 
cropping system. Wind and water erosion control, reduced weed competition, N capture, 
additional forage, a cash grain crop, straw for animal bedding or organic matter, and 
improved soil tilth are some of the benefits a companion crop adds to a cropping system 
(Tesar and Marble, 1988; Lanini et al., 1991; Undersander et al., 1994; Brady and Weil, 
2000). 
Recommendations for using different types of companion crops all suggest using the 
least competitive crop (Smith et al., 1986; Tesar and Marble, 1988). Klebesadel and Smith 
(1959) supported this general statement in a Wisconsin study comparing several companion 
crop effects on the establishment of alfalfa and red clover. The study reported that 
companion crops planted in the fall, such as wheat and rye (Secale cereale L.) competed 
more with forage legumes for soil moisture and light than did spring wheat, barley (Hordeum 
vulgare L.), oat or flax (Linum usitatissimum L.). As the companion crop had more time to 
grow and become established, its ability to compete increased and the resulting stands of 
alfalfa and red clover were reduced by over 50% compared to stands grown under spring 
crops (Klebesadel and Smith, 1959). 
Companion crop plantheight may influence its competitiveness with the legume 
intercrop. Klebesadel and Smith (1959) reported winter wheat and rye plant heights of 127 
and 152 cm, respectively, while spring oat and wheat plants in the study only reached heights 
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of 90 and 105 cm. Recent crop performance tests reported that winter wheat and triticale 
cultivars reached plant heights comparable to spring oat and wheat varieties (Skrdla and 
Jannink, 2005a,b). Average plant heights of current winter wheat cultivars were about 38 cm 
shorter than the earlier wheat varieties while the oat heights were nearly identical. Winter 
triticale plant heights averaged 107 cm (Skrdla and Jannink, 2005b), about 45 cm shorter 
than the rye used by Klebesadel and Smith (1959). Therefore, even though oat has been 
considered the best companion crop for forage legume establishment, these latest data 
indicate that modern winter wheat and triticale cultivars may be well suited for legume 
establishment. 
Legume seeding into companion crops varies with the type of companion crop and 
cropping system. The seed can be placed simultaneously with the companion crop or it can 
be planted after the companion crop has been established (Undersander et al., 2001 ; Casler et 
al. , ·I 999; Gettle et al., 1996). To achieve effective seed-to-soil contact when simultaneously 
· planting the forage and the companion crop, the legume seed is normally dropped on the soil 
surface and slightly covered with soil using roller packers or press wheels on the planting 
equipment (Tesar and Marble, 1988; Gibson and George, 2004). On the other hand, ifthe 
legume is being placed after the companion crop is established, such as spring frost-seeding 
into winter wheat, then the seed is simply dropped, or broadcast, on the soil surface (Tesar 
and Marble, 1988; Sulc et al. , 1993; Gettle et al., 1996; Undersander et al., 2001; Mutch et 
al., 2003) 
Gettle et al. (1996) described frost-seeding as a simple, low cost establishment 
method that provides adequate seed-to-soil contact through the freezing and thawing of the 
soil. Usually performed in late February or early March, frost-seeding utilizes the movement 
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of the soil, in addition to precipitation that often occurs in the early spring, to help transfer 
the seed into a better environment for germination and seedling establishment (Hesterman et 
al., 1992; Gettle et al., 1996; Barnhart, 2002; Mutch et al., 2003). To minimize disturbance 
of the already established companion crop, no other type of incorporation method is used 
with frost-seeding. 
Frost-seeding has been successfully used to establish clover, alfalfa and other forages 
into pastures and legume stands. Research on frost-seeding red clover, alfalfa, birdsfoot 
trefoil (Lotus corniculatus L.) and sweetclover (Melilotus alba Medik.) into established 
stands of switchgrass (Panicum virgatum L.) in Iowa reported that 10% of the seed 
established plants (Gettle et al., 1996). Similarly, when frost-seeding smooth bromegrass 
(Bromus inermis Leyss.), orchardgrass (Dactylis glomerata L.), other grasses, and red clover 
into existing alfalfa in Wisconsin, Casler et al. (1999) reported establishment success of25%. 
In contrast, when direct seeding alfalfa, research reports 40 to 60% of seeds planted result in 
seedlings in the first year (Tesar and Marble, 1988; Undersander et al., 1994). Direct seeding 
alfalfa experiments in Missouri and Pennsylvania supported this finding. In these 
experiments, stand establishment success ranged from 38 to 53% seedling establishment in 
most location-years, with some locations reaching up to 79% (Hall et al., 2004). Even 
though establishment percentages were lower with frost-seeding than with direct-seeding, 
researchers using frost-seeding concluded that resulting stand densities were adequate and 
produced satisfactory forage yields (Gettle et al., 1996; Casler et al., 1999; Undersander et 
al., 2001). 
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Legume Planting Density 
As a result of small seed size, legume seeding rates are often described in units of 
weight per unit area rather than number of seeds per unit area. For example, Undersander et 
al. (1994) recommended seeding alfalfa between 13.4 to 16.8 kg ha-1 with good soil 
conditions and seeding equipment. Likewise, Van Keuren and Hoveland (1985) recommend 
seeding red clover at 7.0 to 11.0 kg ha-1, if seeded alone, and 4.5 to 9.0 kg ha-1 if seeded with 
a companion crop. Recommendations made in units of mass or volume do not account for 
varying seed size or seed viability. Therefore, many researchers find it useful to convert 
seeding rates by mass into pure live seeds (PLS) per unit area (Undersander et al., 2001; 
Smith et al., 1986). This allows for a more accurate estimation of seedling establishment and 
stand density. 
Forage legume seeding studies, mainly using alfalfa or red clover, typically select 
seeding rates within the range of 10 to 18 kg ha-1 (Thiessen Martens et al. , 2001; Sulc et al., 
1993). This rather broad range of seeding rates can be attributed to the reality that multiple 
factors affect stand establishment and ultimately influence the proportion of plants that 
survive. Lanini et al. (1991) emphasized this point in a northern California alfalfa 
.establishment study when they varied both the seeding rate of the oat companion crop and 
the alfalfa. They found no difference in forage yield or composition with alfalfa seeding 
rates of 18, 27, and 36 kg ha-1, but reported a linear decrease in alfalfa stand densities with 
increased oat seeding rate (Lanini et al., 1991 ). 
As legume seeding rates increase, plant density usually increases in a linear fashion 
(Hall et al., 2004; Stout, 1998; Casler et al., 1999). In a study focusing on seeding red clover 
into alfalfa stands, Casler et al. (1999) used five different red clover seeding rates of 55, 110, 
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220, 440, and 880 seeds m-2 with the maximum rate of 880 seeds m-2 corresponding to 
approximately 14.5 kg ha·1• The established red clover densities responded linearly to the 
seeding rates with an R2 = 0.98 (Casler et al. , 1999). 
Even though differences exist across environment, location, species, seeding method 
and production goals, the suggested range of seeding rates for companion cropped legumes 
versus direct-seeding are similar. However, direct seeded legume stands often result in 
greater yields than the companion cropped legumes because there is less competition for soil 
moisture, light and nutrients. In a Minnesota study of direct- versus companion crop seeding, 
Becker et al. (1998) seeded alfalfa at 13.8 kg ha-1 in both treatments. They reported higher 
first year alfalfa yields from the direct-seeded alfalfa, with herbicide weed control, compared 
to the alfalfa separated from the companion crop treatment. In the year after establishment, 
they reported similar alfalfa densities and yields among seeding methods when the alfalfa 
was seeded in April. However, the alfalfa seeded in May had reduced DM yields in the 
companion crop establishment method (Becker et al. , 1998). Early planting dates may 
maximize legume establishment by developing adequate stands before the companion crop 
competition for resources becomes excessive (Becker et al. , 1998). Legume seeding rates for 
establishment under companion crops may be reduced as much as 20 to 40% (Schmitt, 2004) 
compared to direct seeding. 
Legume Planting Dates 
Planting dates in small seeded forage legumes vary greatly with the cropping system 
utilized and method used to plant the seed. If the legume is to be seeded with a companion 
crop in the spring with the intent of establishing a legume stand, then planting should occur 
at optimal times for the legume (Becker et al, 1998). Conversely, if the legume is only being 
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planted as a cover crop, and the companion crop is being managed for optimum production, 
then the legume would be planted at the appropriate time for the companion crop (Tesar and 
Marble, 1988). When direct seeding in the spring, the planting should occur early enough to 
allow for proper germination and plant development to take place before potential water and 
heat stresses develop later in summer. In relation to frost-seeding in the North Central U.S, 
planting should occur on frozen ground, usually in late February or early March, to allow for 
proper freezing and thawing to occur (Barnhart, 2002; Gettle et al., 1996). For summer or 
fall plantings, the availability of soil moisture and warm temperatures must be present late 
enough into the season (at least six weeks from emergence to the first hard frost) for proper 
germination, development of plant tissues, and root storage to occur before winter (Schmitt, 
2004; Strand and Fribourg, 1973; Tesar and Marble, 1988; Gibson and George, 2004). 
Because planting date is largely influenced by the availability of soil moisture, it is 
important to evaluate the climatic conditions of a specific region. Research from Tennessee 
on the influence of seeding dates and environmental variables on small-seeded legume 
establishment found that precipitation and soil moisture were the most important factors 
affecting germination and seedling growth (Strand and Fribourg, 1973). In the northern U.S., 
high soil moisture conditions required for red clover or white clover (Trifolium repens L.) 
establishment are most likely to occur in early spring (Van Keuren and Hoveland, 1985). 
Therefore, when making legume seeding date recommendations for the North Central U.S. 
early spring seedings, such as frost-seeding, prove to be effective in establishing legumes 
(Gettle et al., 1996; Undersander et al., 2001; Casler et al. , 1999). 
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Light Interception in Cereal Grain/Forage Legume Intercrop Systems 
Competition for light, water and nutrients is common when trying to establish 
legumes under companion crops (Bula et al. , 1954; Smith et al. , 1986; Tesar and Marble, 
1988). Most studies indicate light is the most critical factor influencing DM production of 
legumes grown under cereal grain companion crops in the North Central U.S. where soil 
fertility and spring moisture levels are generally adequate (Puckridge and Donald, 1967; 
Darwinkel, 1978; Pritchett and Nelson, 1951; Klebesadel and Smith, 1959). Therefore, light 
transmission through the cereal grain canopy is crucial to the survival of the intercropped 
legume (Pritchett and Nelson, 1951 ; Klebesadel and Smith, 1959). 
To better understand the role of light in an intercrop system, additional information 
on light and its role in plant growth is needed. A key component in determining the yield of 
a crop plant is its photosynthetic efficiency (Gardner et al. , 1985). As solar energy is 
converted into chemical energy, the process of photosynthesis becomes the main source of 
energy for all living things (Gardner et al. , 1985; Serrano et al. , 1995). Factors such as 
temperature, humidity, water and nutrients all affect the photosynthetic efficiency of a plant, 
but the most critical element is the source of energy, or sunlight. The solar energy, called 
photosynthetically active radiation (PAR), contains radiation in the 400 to 700 nm waveband 
(Shibles, 1976; Gardner et al. , 1985; Hay and Walker, 1989; Loomis and Conner, 1992). 
Often measured in µmol m·2 s·1, PAR is the radiation that plants utilize as they convert solar 
energy into chemical energy via photosynthesis (Savage, 1979; Thimijan and Heins, 1983). 
The intensity or amount of PAR that is intercepted directly affects the amount or rate 
of plant photosynthesis. The photosynthetic rate, in balance with plant respiration, directly 
influences how much DM or biomass the plant will produce (Vergara, 1978; Serrano et al. , 
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1995). The measurement of DM production, called the crop growth rate (CGR), is defined as 
DM accumulation per unit area per unit time and is often proportional to the amount of 
radiation intercepted by the canopy (Biscoe and Gallagher, 1977; Gardner et al., 1985; 
Russell et al., 1989; Loomis and Conner, 1992). As the plant intercepts more PAR, the rate 
of photosynthesis increases and the amount of new plant biomass or DM also increases 
(Biscoe and Gallagher, 1977; Monteith, 1977; Vergara, 1978; Serrano et al., 1995). 
Generally, CGR increases with an increase of intercepted PAR (Gallagher and 
Biscoe, 1978; Monteith, 1977). When evaluating crop efficiency in Britain, Monteith (1977) 
reported strong correlations between intercepted PAR and DM production in barley, potatoes 
(Solanum tuberosum L.), sugar beet (Beta vulagaris L.) and apple (Malus domestica) . In 
many cases, the increase in CGR and DM production correlates directly into higher yields. 
For example, when using narrower row spacing in com, sunflower (Helianthus annuus L.), 
and soybean, Andrade et al. (2002) and Board et al. (1992) found significant and direct 
correlations to grain yield increases with increases in the amount PAR intercepted. In 
contrast, Shibles and Weber (1966) reported increased soybean DM with increased PAR 
interception, but grain yields were not well correlated with the increased canopy light 
interception. 
The amount of PAR a plant can intercept is influenced by the climate surrounding the 
plant as well as the composition of the plant itself. The total amount of PAR intercepted by a 
crop is the sum of light intercepted by outer leaves of the canopy and light that transmits 
through the crop canopy and is intercepted by lower leaves (Serrano et al., 1995; Russell et 
al., 1989). Light transmission through the canopy is directly affected by leaf angle, size, 
architecture, and orientation in a given crop (Gallagher and Biscoe, 1978; Vergara, 1978; 
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Milthorpe and Moorby, 1979; Gardner et al., 1985; Hay and Walker, 1989). Therefore, when 
establishing legumes under cereal grains, canopy structure, plant height and leaf orientation 
all affect the amount of PAR that will transmit to the legume seedling. This will ultimately 
influence the photosynthetic efficiency and plant development of the legume. 
The product of photosynthesis, photosynthate or assimilate, is transported via phloem 
to plant structures physiologically referred to as sinks (Gardner et al., 1985; Hay and Walker, 
1989). Sinks are usually vegetation, reproductive structures, fruits , seeds or other storage 
organs that are typically harvested for yield, but can also refer to roots, shoots and other plant 
organs supporting growth (Gardner et al. , 1985). Because the plant allocates or partitions the 
photosynthate to these specific structures, it is important that the plant readily produce 
photosynthate to survive. 
Crop yields are affected by the amount of photosynthate produced by the plant and 
are directly related to the photosynthetic rate. Therefore, if a plant is to achieve ideal 
photosynthetic rates, adequate PAR interception must occur (Russell et al. , 1989). Thus, 
measuring PAR interception of a plant community provides researchers a tool to predict 
CGR and crop yield. 
The influence of PAR interception on CGR and DM production was demonstrated in 
a greenhouse light intensity study. Pritchett and Nelson (1951) reported that as light intensity 
treatments decreased from 27 to 6% of available light, alfalfa and bromegrass DM production 
decreased five-fold. The study suggested that as light intensity decreased, other plant 
functions, such as N uptake and alfalfa nodulation were also restricted. These plant 
physiological responses are examples of the complex effect that light interception and quality 
can have on plant growth. 
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Photosynthetically active radiation measurement has greatly evolved with 
advancements in technology. Early light interception studies often controlled the amount o.f 
light using shading cloth and reported differences in light interception as percentages of 
complete light (Willey and Holliday, 1971). The cloth also allowed researchers to 
manipulate amounts of light the plants received and, keeping all other factors equal, 
permitted direct correlations of plant growth and yield to light intensity (Pritchett and Nelson, 
1951 ). Some early light interception measurements were taken using an ozalid-booklet. The 
booklet contained light sensitive paper that became bleached to varying levels when exposed 
to different amounts oflight (Shibles and Weber, 1966). Gallo and Daughtry (1986) utilized 
a line quantum sensor connected to a data logger to record the radiation intercepted in com 
canopies. More recently, researchers have used portable, hand-held, light sensors that take 
instant readings and record them in the instrument's data logger (Ball et al., 2000; Singer, 
. 2001; Thiessen Martins et al., 2001 ). Light interception technology continues to improve 
with the use of digital imagery. Researchers were able to take digital images of a plant 
canopy and calculate canopy growth and light interception via computer programs and crop 
modeling (Purcell, 2000; Purcell et al., 2002). 
The process of measuring PAR interception by a crop canopy is similar for most crop 
species, although specific methods may vary slightly among crops. Both above (incident 
radiation) and below canopy (transmitted radiation) measurements are taken with the sensor 
held at various orientations within the canopy. Such orientations can be parallel, 
perpendicular or diagonally across one or multiple crop rows. Orientation is not as critical as 
taking measurements in a consistent manner throughout the study (Thiessen Martens, 2001; 
Ball et al., 2000; Singer, 2001; Board et al., 1992). 
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Seeding Rate Effects on Light Interception 
Using cereal grains as companion crops to establish a legume reduces the amount of 
light that reaches the legume seedlings (Pritchett and Nelson, 1951; Klebesadel and Smith, 
1959). One approach to minimize PAR interception competition from the cereal grain is to 
decrease the stand density. As the density of a plant population decreases, competition for 
resources between plants will also decrease. The decreased competition ultimately results in 
a less dense crop canopy that will intercept less PAR and allow more light to transmit to a 
legume intercrop (Loomis and Conner, 1992; Klebesadel and Smith, 1959). 
PAR interception differences among densities of wheat are usually more measurable 
early in the growing season before the plants have begun to compensate for lower plant 
densities via tillering and branching (Whaley et al., 2000). Once this compensation has 
occurred, PAR interception may be similar among densities, but total PAR interception for 
the growing season will be higher in the higher densities (Fukai et al., 1990; Whaley et al., 
2000). This compensation response was reported in a winter wheat seeding rate study where 
the plant canopies adjusted to decreasing seeding rates from 640 to 20 seeds m-2 by 
increasing tiller su.rvival and DM production per plant. These adjustments by the crop stand 
reduced the effects of seeding rate.on PAR interception and DM production as early as stem 
elongation and jointing (Whaley et al, 2000). Fukai et al. (1990) reported comparable results 
with two barley varieties and three seeding rates. Early differences in PAR interception 
among densities (36 to 120 plants m-2) were recorded, but 72 dafter planting, when tiller 
growth ceased, all densities had over 90% PAR interception (Fukai, et al., 1990). 
Fischer et al. (1976) reported no wheat yield reduction from decreasing plant density 
from 600 to 80 plants m-2, as long as the crop was intercepting >95% of PAR by the early 
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spike growth stage. Similar results from Puckridge and Donald (1967) suggest that increased 
PAR interception over a wide range of densities increased wheat DM production only to the 
point where no greater quantity of radiation could be intercepted. After the maximum 
density was reached and no greater quantity of radiation was intercepted, plant DM 
production and overall grain yields actually decreased (Puckridge and Donald, 1967). 
Light Interception within Companion Crops 
Legume establishment under companion crops has traditionally been practiced using 
spring cereal grains such as oat, wheat, and barley whose canopies allow greater amounts of 
PAR to transmit to the legume than winter cereals with greater plant heights (Simmons et al. , 
1992; Klebesadel and Smith, 1959). Flanagan and Washko (1950) reported a strong 
correlation between light availability and more red clover plants becoming established when 
sown under various oat varieties. Oat varieties allowing greater amounts of PAR to transmit 
through the canopy resulted in lower seedling mortality and greater red clover populations 
(Flanagan and Washko, 1950). 
The ability to establish legumes under winter cereal grains has had mixed results. A 
study evaluating several potential companion crops for establishing alfalfa and red clover, 
reported that winter wheat and rye, due to their vigorous, early-spring growth habits, greatly 
limited legume establishment when compared to spring wheat, oat, or flax (Klebesadel and 
Smith, 1959). There was a large reduction in light transmittance to the legume seedlings 
approximately two to four weeks earlier with the winter cereals versus the spring seeded 
species. This can be attributed to earlier establishment of the winter cereal stand, but also to 
an average of 10 to 40 cm taller plant canopies in the winter cereal stand compared to the 
spring seeded crops (Klebesadel and Smith, 1959). 
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More recently, crop performance tests in Iowa have shown that winter wheat and 
triticale plant heights were similar to spring cereal grains (Skrdla and Jannink, 2005a,b). 
While the height of oat varieties have not changed significantly compared to heights in 
measured by Kledesadel and Smith (1959), winter wheat heights have been reduced about 40 
cm. These reduced plant heights, comparable to the spring cereals used by Klebesadel and 
Smith (1959), may allow transmittance of greater PAR quantities to penetrate to intercropped 
legumes. Modem cereal grain cultivars and a 6% light compensation point for red clover 
may have contributed to recent researcher success in red clover establishment into winter 
cereal grains (Taylor and Smith, 1995). However, multiple studies reporting success in 
establishing red clover under winter wheat have not reported on the effects of reduced PAR 
transmittance to the legume seedlings (Ngalla and Eckert, 1987; Hesterman et al., 1992; 
Singer and Cox, 1998). These studies demonstrate the success oflegume-winter cereal grain 
intercrops, but point to the need for further research into the effects of PAR interception by 
winter cereal grain canopies and their effects on legume establishment. 
Soil Water Competition 
Water availability for crop growth is a major factor affecting crop establishment, DM 
accumulation and yield (Ciha, 1983; Smith et al., 1986). Water is involved in most 
physiological processes in the plant and, iflimiting, plant growth will most likely be 
restricted (Turner and Burch, 1983). The magnitude of water's importance to crop 
performance makes crop water availability and use one of the most important considerations 
when selecting companion crops and seeding rates for legume establishment (Klebesadel and 
Smith, 1959; Tesar and Marble, 1988). Water availability also has a profound impact on the 
productivity of potential companion crops. When comparing growing seasons of contrasting 
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rainfall amounts, Ciha (1983) reported lower wheat, barley and oat grain yields in seasons 
corresponding to less precipitation and available water. Soil water availability to crops is not 
only influenced by crop species and seeding rate, but also local growing conditions, such as 
soil type and seasonal precipitation (Smith et al., 1954). 
Soil Water Competition in Cereal Grains 
Management practices, such as seeding depth, seeding date and rate, may all affect 
soil water available to a crop (Ciha, 1983; Tompkins et al. , 1991; Campbell et al., 1991). 
These practices alter the environment surrounding competing plants and will affect their 
ability to acquire the needed water for survival and DM production. As seeding rates of 
cereal grains increase, the greater number of plants per unit area will result in greater 
competition for soil water (Kolp et al., 1973; Tompkins et al. , 1991). This was demonstrated 
in a Canadian wheat seeding rate study where there was 4% higher seasonal water use in 
treatments seeded at 140 kg ha-1 compared to 35 kg ha-1 treatments (Tompkins et al., 1991). 
A similar study in Wyoming found soil water depletion rates that where significantly higher 
in wheat seeding rates between 34 and 67 kg ha-1 compared to 17 kg ha-1 (Kolp et al, 1973). 
Plants in the 17 kg ha-1 rate depleted 1.2 cm of soil water compared to 2.5 cm in the 67 kg ha-
1 rate (Kolp et al., 1973). 
In addition to using greater amounts of soil water with higher seeding rates, soil water 
reserves in higher rates may also become depleted earlier in the growing season (Pelton, 
1969). A Saskatchewan wheat seeding rate study found that the higher rate of 101 kg ha-1 
had less soil water available later in the growing season than the lower rate of 22 kg ha-1• 
Consequently, plants in the highest seeding rates matured 3 to 5 days earlier than in the lower 
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rates (Pelton, 1969). These results demonstrate the need to select cereal grain seeding rates 
that allow adequate soil water to be available for a legume intercrop. 
Soil Water Effects on Legume Establishment 
Research on water availability and forage legume establishment, while not extensive, 
has suggested that water availability is an extremely important consideration for obtaining 
satisfactory forage legume stands (Tesar and Marble, 1988; Van Keuren and Hoveland, 1985; 
Stute and Posner, 1993). Crop water use must be considered when selecting companion crops 
and seeding rates for legume establishment. Additionally, soil conditions, management goals 
and the availability of soil water throughout the growing season must be clearly understood 
in order to recommend accurate seeding rates. 
Soil water content can influence legume growth and production. A greenhouse study 
designed to evaluate the effects of soil water content on alfalfa, red clover and birdsfoot 
trefoil used four soil water treatments in pots (Gist and Mott, 1957). Pots were watered every 
other day or when Bouyoucous blocks in each pot reached a resistance of 1,500, 15 ,000 or 
60,000 ohms. Legume seedling growth and DM production decreased approximately 50% in 
all legumes when comparing the regularly watered treatment to the driest soil water level of 
60,000 ohms. 
When establishing legumes under companion crops, the competition for available soil 
water is increased (Collister and Kramer, 1952; Buxton and Wedin, 1970). A study 
evaluating the effects of several companion crops on the establishment of alfalfa and red 
clover reported significant differences in soil water use by companion crops (Klebesadel and 
Smith, 1959). At the first soil water sampling in early May, winter wheat and rye had 30 to 
50% less available soil water in the top 15 cm of soil than spring wheat, barley, oat or flax 
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(Klebesadel and Smith, 1959). This trend continued throughout the season until substantial 
rainfall compensated for the soil water reduction. As a result of the reduced soil water 
content, in connection with reduced quantities of light within the fall cereal grain treatments, 
legume establishment, seedling vigor and forage yield were all significantly lower when 
compared to the legumes grown under the spring companion crops. 
One way to adjust for competition between companion crops and intercropped 
forages for soil water is to reduce the seeding rate of the companion crop (Smith et al., 1954; 
Smith et al., 1986). In a Wisconsin study, red clover and alfalfa stand densities significantly 
decreased from 56 to 43 plants m-2 as the oat seeding rate was increased from 26 to 160 kg 
ha-1 (Smith et al., 1954). Locations containing sandy soils had the greatest stand reductions 
due to reduced soil water availability. The red clover and alfalfa densities decreased from 17 
to five and 39 to 26 plants m-2, respectively, as oat seeding rates increased. Below normal 
precipitation in one year resulted in 100% red clover mortality in a location with sandy soil 
(Smith et al., 1954). These results emphasize how much companion crop seeding rates can 
affect the establishment of legumes, especially when soil water is limiting. 
In order to effectively ~stablish legumes in the North Central U.S. utilizing a winter 
cereal grain, it is necessary to understand the optimal seeding rates for both the companion 
crop and the legume. Using a winter cereal grain as a companion crop rather than a spring 
cereal crop provides producers alternatives that can better distribute labor, break pest cycles, 
minimize soil erosion in the late fall and early spring when crop fields usually lay fallow and 
produce higher yielding and higher quality grain. Winter cereals are also capable of 
producing larger quantities of straw that can be used for animal bedding or returned to the 
soil to improve soil tilth. By better understanding the possible contributions of winter cereals 
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in a crop rotation, producers will be able to produce a low input crop that can provide 
diversity to the current com/soybean cropping system. When incorporating a legume 
intercrop, producers can benefit from late summer forage production, N contribution to 
subsequent crops and ground cover to reduce erosion and increase wildlife habitat. However, 
optimum management practices are needed to help producers efficiently establish forage 
legumes in a winter cereal grain crop. As these production practices are developed, 
implementing a winter cereal grain/legume intercrop system in the North Central U.S. may 
be a viable alternative for improvement of the current corn/soybean cropping system. 
Forage Legume Quality 
Forage quality, sometimes called feed or nutritive value, can be measured with 
several methods that report quality components relating to the composition of the forage, its 
nutrient concentrations and digestibility (Collins and Fritz, 2003). To better understand the 
effects of crop management on forage quality, a brief explanation of various quality 
measurements is needed. 
The detergent analysis system, used to distinguish cell walls from cell contents in 
feed, is one of the most common forage quality procedures used (Collins and Fritz, 2003). In 
this system, a forage sample (approx. 0.5 g) is boiled in a detergent solution, filtered and 
rinsed several times with water to remove all of the cell contents to leave behind the neutral 
detergent fiber (NDF; Collins and Fritz, 2003). The NDF is the total fiber or cell wall 
fraction of the forage and varies among species and plant parts (Gibson and George, 2004). 
For example, the NDF concentration in straw is about 80%, but it is only 20% in com grain 
(Collins and Fritz, 2003; Gibson and George, 2004). Therefore, forage with a high NDF will 
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contain greater cell wall material and provide fewer nutrients per quantity of feed intake 
(energy value) for the animal. 
Another common quality technique reports the digestibility of the forage sample via 
laboratory procedures that are faster and cheaper than large animal feeding trials. The in 
vitro dry matter disappearance (IVDMD) procedure uses rumen fluid from a fistulated steer 
to simulate ruminant digestion in a laboratory setting. Following a 48 h anaerobic incubation 
period, the samples (approx. 0.25 g) are subjected to acidification and incubation with pepsin 
(Collins and Fritz, 2003). The latter process simulates movement of the digested forage from 
the rumen to the lower gut of the ruminant. In vitro dry matter disappearance, sometimes 
referred to as in vitro dry matter digestibility, reports the digestibility of structural 
carbohydrates in the forage sample (Gibson and George, 2004). A higher IVDMD suggests 
greater amounts of digestible matter in the sample, which provides an animal feedstuff of 
higher energy value. 
One of the main quality factors relating to the composition of animal feed is protein 
concentration (Gibson and George, 2004). To estimate crude protein (CP) concentration in 
plant tissue, the total N concentration of the forage is multiplied by 6.25 (Gibson and George, 
2004; Collins and Fritz, 2003). The total N concentration is determined by submitting forage 
samples to various analyses such as the Kjeldahl technique or the Dumas combustion system 
(AOAC Method 990.03; Gibson and George, 2004). These techniques use chemical 
digestion or combustion processes to determine absolute N concentration in the plant sample. 
Forage legumes typically have CP concentrations between 150 and 250 g kg-1, which 
generally decrease as the forage matures (Collins and Fritz, 2003; Marten et al. , 1988). 
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Due to its relationship to the morphology of the legume plants, plant maturity at 
harvest is a major factor affecting legume forage quality (Collins and Fritz, 2003; Nelson and 
Moser, 1994; Hoveland and Monson, 1980). The typical decline in quality as harvest is 
delayed can be attributed to a decrease in the leaf:stem ratio and an increase in stem maturity 
(Nelson and Moser, 1994; Hoveland and Monson, 1980; Marten et al., 1988). Soil moisture, 
air temperature, forage species, plant density, plant age and harvest timing can all affect the 
leaf:stem ratio and ultimately forage quality (Collins and Fritz, 2003; Nelson and Moser, 
1994). Therefore, crop management greatly affects the quality and yield of forages. 
Seeding Rate Effects on Forage Legume Quality 
The few studies on the effects of plant density on forage quality focused on alfalfa 
and the leaf:stem relationship (Cherney et al., 1986; Volenec et al., 1987). When harvesting 
first year alfalfa, Cherney et al. (1986) and Volenec et al. (1987) reported that as stand 
densities increased from 11 to 172 plants m-2 the stem diameter decreased and stem IVDMD 
increased about 5%. Cherney et al. (1986) also reported a decrease in NDF and ADF 
concentrations as densities increased. However, when evaluating the composite (stems and 
leaves) forage sample, they found no density effect on the IVDMD, ADF or NDF due to a 
balanced leaf:stem ratio among all treatments (Cherney et al., 1986). In a similar study, Min 
et al. (2000) reported differences among alfalfa seeding rates between 16 and 494 plants m-2 
by reporting a quadratic effect of seeding rate on CP in the first harvest following the 
establishment year. However, there was no effect of seeding rate on CP, NDF or ADF for a 
second harvest 60 d later. 
Similar to the second harvest results of Min et al. (2000), other studies have reported 
no effect of seeding rate on forage quality (Bolger and Meyer, 1983; Stout, 1997; Kreuger 
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and Hansen, 1974). In the first production year harvest, Bolger and Meyer (1983) reported 
no effect of seeding rate on alfalfa forage CP, ADF or IVDMD with rates ranging from 11 to 
484 plants m·2• Similarly, alfalfa protein was not affected with planting rates from 4.5 to 
22.4 kg ha·1 in South Dakota (Krueger and Hansen, 1974) and Oregon (McGuire, 1981). The 
results of these studies were confirmed by Stout (1997) reporting no effect of seeding rate on 
CP, IVDMD or ADF of alfalfa seeded at 5.6, 11.2, 16.8, 22.4, 33.6 or 50.4 kg ha·1• Overall, 
these studies suggest that legume seeding rates may affect forage quality when the rates are 
lower, below 200 seeds m·2 (Cherney et al., 1986; Volenec et al., 1987). However, as seeding 
rates increase above 200 seeds m·2 and as harvesting time becomes more distant from the 
planting date, the seeding rates have little to no influence on forage quality. 
Harvest Date Effects on Forage Quality 
As forages mature, their natural development leads to more coarse stems and a 
decrease in the leaf:stem ratio, which translate directly into lower forage quality (Collins and 
Fritz, 2003; Nelson and Moser, 1994; Smith et al., 1986). In a Spanish study on the effects 
of plant harvest stage and date on alfalfa forage quality, Lloveras et al. (1997) found a 
decrease in quality as harvest was delayed from the late-bud stage to fuU-bloom. The late-
bud stage harvests occurred every 26 to 28 d compared to the full-flower stage harvests . 
occurring every 29 to 35 d. These slight differences in harvest time and maturity stage 
decreased IVDMD and CP concentrations 5 and 8%, respectively (Lloveras et al., 1997). A 
Wisconsin study using red clover reported similar reductions in forage quality with delayed 
harvests and increased plant maturity (Wiersma et al., 1998). When comparing quality 
factors from harvests at bud, 20% bloom and 40% bloom growth stages, CP values decreased 
2 to 4%, and ADF and NDF concentrations increased from 2 to 8%. While both studies 
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reported decreases in forage quality, they also reported increased DM yields with plant 
maturity and delayed harvest. These studies demonstrate the need for producers to balance 
greater yields with the need for maintaining forage quality. 
Companion Crop Effects on Forage Quality 
The practice of establishing legumes under companion crops is not new. Generally, 
the purpose of companion crop studies has been to evaluate the effect of the companion crop 
on legume establishment, not on the forage quality of the legume (Brink and Martin, 1986; 
Becker et al., 1998; Sheaffer et al., 1988). In addition to establishing legumes, a few studies 
focused on understanding the contribution of the companion crop to DM production and 
forage quality. A barley and oat companion crop study in Minnesota compared the forage 
quality of direct seeded alfalfa to mixtures of alfalfa and cereal grain crops harvested at 
various cereal grain maturity stages (Brink and Marten, 1986). When comparing direct 
seeded alfalfa to alfalfa established in a cereal grain-alfalfa mixture, 2% increases in CP, and 
20 and 8% decreases in NDF and ADF concentrations, respectively, were reported. 
Mixed results were found when comparing a three harvest schedule of alfalfa in a 
direct vs. companion crop study using wheat, rye and oat (Sheaffer et al. , 1988). Neutral 
detergent fiber concentrations in the first and second harvests of the companion cropped 
alfalfa were approximately 25 and 19% higher, respectively, than the direct seeded alfalfa. 
However, by the third harvest, the quality actually reversed and the alfalfa established with 
rye and oat had slightly less NDF than the direct seeded alfalfa. These results suggest that 
once the companion crop is removed and the legume crop becomes established, the 
companion crop may leave a residual effect on the forage quality of the legume. 
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The contribution of companion crops to the forage quality of a legume-cereal grain 
mixture may lead to a decrease in forage quality shortly after harvest of the companion crop 
(Brink and Martin, 1986; Becker et al., 1998). However, little research has reported how 
long the residual effect of the companion crop may influence legume forage quality. 
Conclusions 
Maximizing crop yield while maintaining quality is a common goal for producers and 
researchers. Multiple factors affect how well plants perform within a given environment and 
must be evaluated in order to achieve maximum yields. Competition for resources, such as 
light or soil water, can be adequately measured to provide researchers the ability to 
recommend optimum seeding rates that are capable of maximizing crop growth and 
efficiency. When establishing forage legumes with cereal grain companion crops, seeding 
rate adjustments for the cereal grain and legume may be necessary to achieve optimal yields 
for both crops. Balanced management of both the forage and companion crops should occur 
to allow for proper forage seedling establishment and adequate stand densities (Tesar and 
Marble, 1988). High yielding cereal grain and forage legume intercrops can be established 
when proper management and production practices are understood and followed. 
Integrating winter cereal grain production systems into the North Central U.S. 
provides a unique challenge. Producers are comfortable with their current com-soybean 
rotation and may be hesitant to expand their rotations to include winter cereal grains. 
Introducing a winter cereal grain into a com-soybean rotation can provide producers a crop 
alternative that will distribute labor, diversify income and reduce risks. Also, increasing pest 
concerns can be reduced as current rotation schedules are extended and lead to disruption of 
insect, weed and disease cycles. Using a winter cereal grain as a companion crop will 
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provide producers a cash grain crop while minimizing soil erosion and weed competition 
during legume establishment. When incorporating a legume intercrop, producers can benefit 
from late summer forage production, N contribution to subsequent crops and ground cover to 
reduce erosion. Optimum seeding rates provide producers with target plant populations that 
will yield maximum grain and forage yields under typical environmental conditions. 
Similarly, understanding the competition between the cereal grain and the legume allows 
researchers the ability to predict yields, stand densities, seedling mortality, forage quality and 
N contribution. In addition to improved cropping systems, producers implementing proper 
production practices for winter cereal grain and legume intercrops will more readily benefit 
from maximized grain yields and red clover DM production. 
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Chapter 3: Optimizing seeding rates for winter cereal grains and frost-
seeded red clover intercrops 
Abstract 
A paper submitted to Agronomy Journal 
Brock C. Blaser, Lance R. Gibson, Jeremy W. Singer, 
Jean-Luc Jannink, and Keith A. Kohler 
Growing winter cereal grains in the North Central U.S. can provide multiple benefits 
to the current com (Zea mays L.)/soybean [Glycine max (L.) Merr.] rotation. Intercropping 
red clover (Trifolium pratense L.) with winter cereal grains can also benefit the cropping 
rotation while producing forage or a green manure crop. This study was conducted during 
the 2002-03 and 2003-04 growing seasons to determine the best seeding rates for maximizing 
cereal grain and red clover yields by optimizing resource competition in the intercrop. In 
March, red clover was frost-seeded at 0, 300, 600, 900, 1200, and 1500 seeds m-2 into winter 
wheat (Triticum aestivum L.) and triticale (X Triticosecale Wittmack) seeded at 100, 200, 
300, and 400 seeds m-2 the previous October. Cereal grain yield, grain yield components, red 
clover densities and red clover dry matter (DM) were measured. When examined across 
species and y~ar, 300 seeds m-2 cereal grain seeding rate was optimum for grain yield and 
suitable for red clover establishment. Red clover plant densities were 10 to 22% of the 
seeding rates. The results suggested a winter cereal grain/red clover intercrop could be 
successfully established in the North Central U.S. using a winter cereal grain seeding rate of 
300 seeds m-2 and red.clover seeding rates between 900 to 1200 seeds m-2. 
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Introduction 
Use of a cereal grain companion crop is the most common legume establishment 
method in the North Central U.S., and has been used historically to establish 85% of the 
alfalfa (Medicago sativa L.) fields in Iowa (Tesar and Marble, 1988). Spring-seeded oat 
(Avena sativa L.) is the companion crop of choice in this region (Tesar and Marble, 1988). 
This is partially because past research suggested that spring crops provided less competition 
for light, soil moisture, and nutrients than winter crops (Klebesadel and Smith, 1959; Bula et 
al., 1954). In these studies, winter cereal grains were 125 to 150 cm tall compared to 90 cm 
for oat (Klebesadel and Smith, 1959; Bula et al., 1954). However, modem winter wheat and 
triticale cultivars are 90 to 107 cm tall and many are similar in height to oat (Skrdla and 
Jannink, 2005a,b). This may explain why researchers have recently been successful in 
intercropping forage legumes into winter cereals (Mutch et al., 2003; Singer and Cox, 1998;). 
Introducing a winter cereal grain/red clover intercrop into a com-soybean rotation can 
provide producers with crop alternatives that can diversify income (Exner and Cruse, 2001), 
improve yields of subsequent crops (Singer and Cox, 1998), improve soil quality (Reicosky 
and Forcella, 1998), and disrupt pest cycles (Cook, 1988). Using a winter cereal grain as a 
companion crop will provide producers a cash grain crop while minimizing soil erosion • 
(Kaspar et al., 2001) and weed competition (Van Heemst, 1985) during legume 
establishment. A legume crop growing during the period following winter cereal grain 
harvest could provide weed suppression (Mutch et al., 2003), nitrogen (N) for subsequent 
crops (Singer and Cox, 1998), reduced erosion, and forage for livestock (Scott et al., 1987). 
Frost-seeding (Mutch et al., 2003; Singer et al., In press) is a simple, low-cost method 
suitable for establishing forage legumes in winter cereal grains. The freeze-thaw movement 
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of the soil and precipitation in early spring establishes good seed-to-soil contact for 
germination and seedling establishment (Barnhart, 2002). For successful establishment, red 
clover seedlings must capture a minimum amount of resources for survival. Light 
transmission through the companion crop canopy has been identified as the most critical 
factor influencing seedling mortality and DM production of legumes grown under cereal 
grains (Klebesadel and Smith, 1959). However, soil water content can be an important 
determinant of forage legume survival under some conditions (Singer and Cox, 1998) and 
can be influenced by the stand density of the companion crop (Smith et al., 1954). 
Decreasing cereal grain stand density to the lower end of the optimum range for grain yield 
can reduce light and soil moisture competition with an intercropped forage legume because 
the cereal grain stand has fewer plants per area (Klebesadel and Smith, 1959). 
Best management practices must be developed for a winter cereal grain/forage 
legume before it will be adopted by North Central U:S. grain and livestock producers. 
Currently, there are no established seeding rate guidelines for a winter cereal grain/red clover 
intercrop. The objectives of this study were (1) to identify the best combination(s) of winter 
cereal grain and red clover seedi11g rates for grain yield and red clover DM production and 
(2) to evaluate resource competition effects on red clover stand establishment and 
productivity. 
Materials and Methods 
This winter cereal grain/red clover intercrop seeding rate study was conducted in the 
2002-03 and 2003-04 growing seasons at the Iowa State University Agronomy and 
Agricultural Engineering Farm near Ames, IA (42° OO'N, 93° 50'W; elevation 341 m asl). 
Treatments were arranged as a split-split-plot with four replicates with cereal grain species, 
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either wheat or triticale as main plots, cereal grain seeding rates as subplots and red clover 
seeding rates as sub-subplots. 
Recently harvested soybean fields with Clarion loam soil (fine-loamy, mixed, mesic 
typic Hapladoll) in 2002-03 and Canisteo silty clay loam soil (fine-loamy, mixed, 
superactive, calcareous, mesic Typic Endoaquolls) in 2003-04 were prepared for planting 
with one pass of a tandem disk followed by one pass of a culti-packer roller. 'Kaskaskia' 
soft red winter wheat and 'DANKO Presto' triticale were planted at 100, 200, 300, and 400 
seeds m·2 on 11 Oct. 2002 for 2003 harvest and 1 Oct. 2003 for 2004 harvest using a tractor-
mounted 7.6 m wide Marliss grain drill (Marliss Industries, Jonesboro, AR) with 19 cm row 
spacing. Both species were replanted at the targeted rates on 15 Oct. 2003 due to very poor 
stands resulting from planting equipment problems. The planted area for each cereal grain 
seeding rate was 7.6 x 22.9 min 2002-03 and 7.6 x 27.4 min 2003-04. 
'Cherokee' red clover was frost-seeded into each cereal grain seeding rate plot at 0, 
5.6, 11.2, 16.8, 22.4, and 28.0 kg seed ha-1 using a tractor-mounted, 3.66 m wide Gandy 
Model #1012T-TBM drop spreader (Gandy Co., Owatonna, MN) on 26 Mar. 2003 and 12 
Mar. 2004. Each red clover seeding rate treatment occupied 3.8 x 7.6 min 2002-03 and 3.8 x 
9.1 min 2003-04. To adapt to a limited plot area in 2002-03, the 0, 22.4 and 28.0 kg seed ha· 
1 clover seeding rates were not included in the I 00 seeds m-2 cereal grain seeding rate plots, 
which were reduced in size to 3.8 x 22.9 m. All plots were broadcast fertilized with 45 kg N 
ha·1 in the form ofNH4N03 on 25 Mar. 2003 and 12 Mar. 2004. 
Soil Water and Light Interception 
Volumetric soil water content of the upper 6 cm of the soil profile was measured with 
a portable Delta-T Thetaprobe ML2 moisture sensor attached to a Delta-T HH2 handheld 
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data logger (Delta-T Devices Ltd., Cambridge, UK). The measurements were collected on 
23 Apr., 3 May, 19 May, 26 May, 5 June, 13 June, 30 June, and 14 July 2003 and 10 Apr., 3 
May, 8 May, and 30 June 2004. Three measurements were collected within the non-
trafficked area of each red clover seeding rate plot and averaged to determine the soil water 
content of the plot. 
Photosynthetically active radiation (PAR) interception by the cereal grain canopy was 
determined every 7 to 10 d beginning on 23 Apr. 2003 and 3 Apr. 2004 using an AccuP AR 
Linear PAR Ceptometer, Model PAR-80 light measuring instrument (Decagon Devices, Inc., 
Pullman, WA). Measurements were obtained by placing the light bar diagonally across three 
cereal grain rows. The instrument was positioned below the cereal grain canopy, but above 
the red clover plants to measure the amount of light that reached the top of the red clover 
canopy. Readings were taken under full sunlight between 1130 and 1400 h. Percent light 
transmittance was calculated by dividing the average of six below canopy PAR readings by 
one above canopy reading and multiplying by 100. 
Cereal Grain Density, Growth, and Yield 
Cereal grain plant density counts were made following green-up in the spring (14 
Apr. 2003; 2 Apr. 2004). Emerged plants were counted in 1 m of three adjacent rows from 
12 random areas within each cereal grain seeding rate plot. Cereal grain phenology was 
evaluated every two weeks during active growth using the mean growth stage of 12 randomly 
sampled plants from each subplot and Zadoks scale for cereal grain staging (Zadoks et al., 
1974). All stand density and phenological evaluations were performed on plants within non-
trafficked rows. 
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Cereal grains were machine harvested using a Massey Ferguson Model 25 combine 
(Sampo Rosenlew Ltd., Pori, Finland). For 2003, wheat subplots were harvested on 16 July 
2003 and triticale subplots were harvested on 22 July 2003 . For 2004, both wheat and 
triticale subplots were harvested on 15 July 2004. The grain yield for each cereal grain 
seeding rate was determined using an electronic scale integrated into the combine. Final 
grain yields were adjusted to a 135 g kg-1 moisture basis. Spikes m-2 for each cereal grain 
seeding rate were counted from samples collected from 12, 1-m lengths of row prior to grain 
harvest. Thousand-kernel weight for each cereal grain seeding rate treatment was determined 
by weighing two 1000-kernel sub-samples obtained from a 1-kg sample collected during 
harvest. Kernels spike-1 for each cereal grain seeding rate was calculated from the total yield, 
spikes m·2 and 1000-kemel weight data. The remaining stubble height following harvest was 
approximately 30 cm. The straw was baled and removed the day after grain harvest. 
Red Clover Density and Biomass 
Red clover plant density was measured on 13 May 2003 and 5 May 2004 by counting 
the number of plants in two 0.38 m2 quadrats per red clover seeding rate. Red clover density 
following cereal grain harvest was determined by counting two 0.25 m2 quadrats per red 
clover seeding rate on 23 July 2003 and 21 July 2004. Weed density was collected from two 
0.25 m2 quadrats in each red clover seeding rate plot following cereal grain harvest on 24 
July 2003 and 13 Aug. 2004. All density counts were collected from non-trafficked areas of 
the four experiment replications. 
Red clover shoot biomass accumulation was determined at approximately 40 dafter 
cereal grain harvest. Red clover biomass from two 0.25 m2 quadrats in each red clover 
seeding rate w~s harvested 6 cm above the soil surface on 22 Aug. 2003 and 23 Aug. 2004 
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and oven dried at 60 °C until a constant weight was achieved. All red clover biomass was 
mechanically removed on 22 Aug. 2003 and 23 Aug. 2004 by harvesting with a Green 
Chopper Lacerator™ (Gruett's, Potter, WI) leaving a 6 cm stubble height. An additional red 
clover harvest was taken approximately 40 d following the machine harvest using the 
previously described hand clipping method. These harvests were completed on 1 Oct. 2003 
and 4 Oct. 2004. All red clover growth was removed with the lacerator on 1 Oct. 2003 and 4 
Oct. 2004. Red clover biomass harvests were obtained from non-trafficked areas within 
three of the four experiment replications. 
Weather Data 
Weather conditions during the study and long-term climatic data were obtained from 
the Iowa Environmental Mesonet (IEM, 2005). Daily maximum and minimum temperatures 
and precipitation totals were recorded from a weather station located 1.5 km from the 
experimental site. Long-term climatic data were recorded from a weather station located 13 
km from the experimental site. 
Statistical Design and Analysis 
The experiment had an incomplete randomized block c:lesign in 2003 because the 0, 
22.4 and 28.0 kg seed ha-1 red clover seeding rates were not planted in the 100 seeds m-2 
cereal grain seeding rate plots. The experimental design for 2004 was a randomized 
complete block. Statistical analysis was performed using the PROC MIXED (method = 
type3) of the Statistical Analysis System (SAS Institute, Cary, NC). A Fisher's protected 
LSD (a= 0.05) was used to test significant differences between treatment means. Light 
transmittance and soil moisture data were analyzed using a repeated measures model with 
first order autoregressive correlation. 
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Results and Discussion 
Weather Conditions 
The 2002-03 weather conditions (Fig. 1) were favorable for obtaining high winter 
cereal grain yields and adequate for red clover DM production. Air temperatures were 
slightly below the 30-year average in the fall and early spring, increased slightly above 
average in April during early legume establishment and then returned to average throughout 
the rest of the season. Total seasonal precipitation was 46 mm less than the 30-yr average. 
Below average precipitation occurred in the fall during cereal grain establishment and in the 
late summer during the red clover DM production period. Climatic conditions in June also 
were favorable for leaf rust (Puccinia recondita f. sp. tritici) infection in wheat. 
The 2003-04 growing season (Fig. 1) was slightly cooler and wetter than average. 
These conditions proved ideal for Septoria leaf blotch (Septoria spp.) infection in triticale. 
Air temperatures were near the 30-year average in the fall, slightly above average in the early 
spring, below average during anthesis and grain filling (June to early-July), and returned to 
near-average following cereal grain harvest. Total seasonal precipitation was 34 mm greater 
than the 30-yr average. Significant precipitation came in the fall, late spring, and early 
suinmer. The precipitation totals were below average in late summer and early fall during 
the red clover DM production period. 
Cereal Grain Stand Density 
A range of stand densities was obtained from the four seeding rates in both 2003 and 
2004 (Table 1 ). It is important to note the cereal grains were replanted after an equipment 
failure in 2004. While quantification of the exact number of seeds dropped during the first 
planting was difficult, visual observation of the plots and actual stand densities achieved 
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suggested it was less 10% of the intended seeding rate. The stand establishment success as a 
proportion of the seeding rate decreased from 95 to 54% in 2003 and 103 to 74% in 2004 as 
seeding rates increased from 100 to 400 seeds m-2. Similar reductions have been reported 
previously and have been attributed to greater plant competition at higher densities (Whaley 
et al., 2000). There was a cereal grain species by seeding rate interaction in both study years. 
In 2003, the interaction occurred because the 100 and 200 seeds m-2 seeding rates of wheat 
had 24 to 30% fewer plants than triticale, respectively, whereas the densities of the 300 and 
400 seeds m-2 seeding rates were similar for the two species. In 2004, wheat had 24% fewer 
plants than triticale at 100 seeds m-2 and stand density was similar for the two species at 200, 
300, and 400 seeds m-2. 
Cereal Grain Yield and Yield Components 
The best seeding rate for a winter cereal grain used as a companion crop is the rate 
that maximizes grain yield while minimizing competition with the intercropped red clover. 
In 2003, grain yield was maximized at 200 seeds m-2 in both triticale and wheat and remained 
unchanged as seeding rate was increased to 300 and 400 seeds m-2 (Table 1). The 100 seeds 
m-2 seeding rate produced 9 % less triticale and 25% less wheat than 200 seeds m-2. This 
species by cereal grain seeding rate interaction resulted in 25% greater grain yields for 
triticale than wheat at 100 seeds m-2• Grain yields of the two species were similar at 200, 
300, and 400 seeds m-2• 
In 2004, triticale grain yield was maximized at 300 seeds m-2 (250 plants m-2) and 
remained unchanged as seeding rate was increased to 400 seeds m-2 (290 plants m-2; Table 2). 
Wheat grain yield was maximized at 400 seeds m-2 (301 plants m-2). This difference in grain 
yield response between species resulted in a species by seeding rate interaction. Considering 
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historic grain and seed prices, it is unlikely the 0.22 Mg ha-1 (5%) increase in wheat grain 
yield would economically justify the increase in seeding rate from 300 to 400 seeds m-2. 
When seeding rate was reduced from 300 seeds m-2, the 200 seeds m-2 rate resulted in 12% 
less grain and 100 seeds m-2 resulted in 29% less grain. Photosynthetic leaf area was greatly 
reduced in triticale in 2004 due to Septoria leaf blotch (Septoria spp.) resulting in 40% lower 
grain yield in triticale than wheat. 
Spikes per area, number of kernels per spike, and individual kernel weight are the 
components that together determine final grain yield of triticale and wheat (Tables 1 and 2). 
Spike number per area has been identified as the main grain yield component affected by 
changes in stand density in wheat (Smid and Jenkinson, 1979; Blue et al., 1990; Dahlke et 
al., 1993). This was very evident in both wheat and triticale in both years of the current 
study. In 2003, cereal grain stand densities of 82 to 217 plants m-2 produced a range in 
spikes m-2 of 325 to 406. In 2004, cereal grain stand densities of 89 to 301 plants m-2 
produced a range in spikes m-2 of 413 to 636. The relative increase in spikes m-2 was similar 
to the increase in grain yield across the range of stand densities in both years. 
While kernels spike-1 and kernel weight were affected much less than kernels m-2 by 
seeding rate, there were instances where both species and seeding rate had some influence on 
these yield components. There was a cereal grain species by seeding rate interaction for 
kernel weight in 2003 because l 00 seeds m-2 resulted in wheat kernels that weighed 5% less 
than kernels from the 200, 300, and 400 seeds m-2 seeding rates, which had similar weights 
(Table 1). Triticale kernel weight did not change with seeding rate in 2003. In 2004, 
Septoria leaf blotch infection beginning in early reproductive growth reduced triticale kernel 
number and weight (Table 2). This resulted in 29% fewer kernels spike-1 and 18% lower 
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kernel weight in triticale than wheat, which had good resistance to Septoria. There was a 
species by cereal grain seeding rate interaction for both kernels spike-1 and 1000-kernel 
weight in 2004. The number of triticale kernels spike-1 increased as seeding rate increased, 
whereas wheat kernels spike-1 decreased. Triticale 1000-kemel weight was similar across all 
seeding rates. However, wheat 1000-kernel weights increased as seeding rate increased. 
Red Clover Density and Dry Matter 
The triticale and wheat cultivars used in this study were both suitable companions for 
red clover establishment (Table 3). There were more red clover plants in wheat after the 
2003 grain harvest, but there were no differences in red clover dry matter at 40 or 80 d after 
grain harvest. In 2004, there was an interaction of cereal grain species and cereal grain 
seeding rate effects on red clover density 7 wk after frost seeding. This interaction occurred 
because red clover densities resulting from 100 and 200 seeds m-2 cereal grain rates were 23 
and 11 % greater for wheat than triticale, respectively, whereas the red clover densities from 
300 and 400 seeds m-2 were 8 and 12% less for wheat than triticale (data not shown). This 
interaction was still evident when red clover stand density was counted after cereal grain 
harvest. Red clover stands from the 100 and 200 seeds m-2 cereal grain rates were 19 and 
14% greater for wheat than triticale, respectively. Red clover densities were similar for 
triticale and wheat seeded at 300 seeds m-2 and at 400 seeds m-2 red clover density was 13% 
greater from triticale (data not shown). 
In an ideal cereal grain/red clover intercrop, the most economical cereal grain seeding 
rate would also produce maximum red clover DM. This was the case in 2003, since there 
was no difference among the cereal grain seeding rates for red clover DM at 40 d after cereal 
grain harvest or a second harvest 40 dafter the first (Table 3). Precipitation during the red 
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clover dry matter production period was well below average in 2003 (Fig. 1 ), which resulted 
in low red clover DM production (Table 3). In 2004, the best seeding rate for grain yield was 
not the best rate for red clover productivity (Table 3). Red clover DM production for the first 
harvest decreased by 25% as cereal grain seeding rate was increased from 200 to 300 seeds 
m-2• However, there was no longer a difference in DM for these two rates at the second red 
clover harvest. These results suggested it may be necessary to reduce cereal grain seeding 
rate below the optimum for grain yield if maximizing red clover productivity is a priority. In 
2004, the best cereal grain rate for red clover DM production (200 seeds m-2) produced 12% 
less grain than the economically optimum rate for grain production (300 seeds m-2). 
The two lower cereal grain rates produced greater amounts of red clover DM in the 
harvest at 40 dafter cereal grain harvest than the two higher seeding rates (Table 3). But, 
regrowth harvested 40 d later (80 dafter cereal harvest) increased with seeding rate. The 
greater amount of red clover biomass initially produced after establishment with lower cereal 
grain rates may have resulted in more soil water use during the first 40 d red clover growth 
period. This limited soil water available to red clover established with lower cereal grain 
rates during the second 40 d growth period. 
In both study years, red clover stand density at 7 wk after frost seeding and post-. 
grain harvest generally increased with each red clover seeding rate increment up to 1500 
seeds m-2 (Table 3). Weed density declined with increasing red clover seeding rate in both 
years. There was an interaction of cereal grain seeding rate and red clover seeding rate 
effects on red clover density after grain harvest in 2003. This interaction occurred because 
red clover density for the 1500 seeds m-2 red clover seeding rate in the 400 seeds m-2 cereal 
grain rate was 50 plants m-2 lower than the red clover densities in the 200 and 300 seeds m-2 
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cereal grain rates (data not shown). This reduction in red clover plants was most likely 
caused by increased competition among plants with high seeding rates for both the cereal 
grain and red clover. 
On average, 8 to 11 % of the red clover seed resulted in plants at 7 wk after seeding 
(Table 3). Red clover stand densities increased by 33 to 51 % between 7 wk after planting 
counted and post-cereal grain harvest, which resulted in an overall establishment success of 
10 to 22%. The increase in red clover plants from the first count to the second suggested red 
clover plants continue to emerge and become established throughout the spring and summer. 
Our red clover stand establishment with winter cereal grains was similar or slightly better 
than 7 to 11 % reported with pasture seeding ofred clover in Wisconsin (Casler et al., 1999). 
Red clover DM was not affected as greatly by increases in red clover seeding rate as 
was stand density (Tables 3). In 2003, DM at 40 dafter cereal grain harvest was similar for 
the five red clover seeding rates. The DM of red clover regrowth in the second harvest, 40 d 
after the first, was affected by red clover seeding rate. DM production from the 900 seeds m-2 
seeding rate was greater than 3 00 and 600 seeds m-2 and similar to 1200 and 1500 seeds m-2. 
The 300 and 600 seeds m-2 seed rates produced 26 and 13% less DM than 600 seeds m-2, 
respectively. 
In 2004, red clover DM for both the 40 and 80 d harvests increased with each red 
clover seeding rate increase up to 1200 seeds m-2. At 40 dafter cereal grain harvest, red 
clover DM was 9, 14, and 29% less for the 900, 600, and 300 seeds m-2 red clover rates than 
1200 seeds m-2, respectively. At 80 dafter cereal grain harvest, red clover DM was 10, 15, 
and 24% less for the 900, 600, and 300 seeds m-2 red clover rates than 1200 seeds m-2, 
respectively. 
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Red clover DM production results from the two years suggested 900 to 1200 seeds m-
2 as optimum red clover seeding rates when frost seeding into winter cereal grains. Red 
clover DM production reached its maximum when red clover stand density after cereal grain 
harvest was 123 to 140 plants m-2. This is a lower density for maximum yield than the 172 
plants m-2 reported for alfalfa (Volenec et al., 1987). 
Weed Density 
The triticale/red clover intercrop was better at suppressing weeds than the wheat/red 
clover intercrop in 2003, but not in 2004 (Table 3). In 2003, red clover seeding rates of 1200 
and 1500 seeds m-2 suppressed weed populations below plots that had no red clover. In 
2004, the presence of red clover at any density proved beneficial in reducing weed densities 
and weed density generally decreased as red clover density increased. Similar results have 
been reported by Mutch et al. (2003), who found frost-seeded red clover suppressed common 
ragweed (Ambrosia artemisiifolia L.) growth after winter wheat harvest. 
Resource Competition 
Red clover seedling must have sufficient quantities of light, soil moisture, nutrients, 
and ~pace for survival and continued growth. Competition for these resources is common 
when establishing forage legumes with companion crops and would be greater when frost-
seeding red clover into an existing winter cereal grain stand when compared to seeding with 
spring-sown cereals (Smith et al., 1986; Tesar and Marble, 1988). Light was identified as the 
most limiting resource for DM production of forage legumes grown under cereal companion 
crops in the North Central U.S. (Pritchett and Nelson, 1951; Klebesadel and Smith, 1959). 
However, reduced soil water availability in sandy soils has been shown to limit forage 
legume establishment when using cereal companion crops (Smith et al., 1954). Competition 
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for nutrients does not appear to be a limiting factor for forage establishment with cereal 
companion crops in highly fertile soils, such as those in our study (Pritchett and Nelson, 
1951). 
The amount of photosynthetically active radiation (PAR) transmitted through the 
cereal grain canopies to the underseeded red clover plants (Fig. 3) decreased from greater 
than 90% before mid-April (300 GDD; growth stage (GS) 2; Table 4) to a minimum between 
7 and 12% in late May and early June (600 to 1100 GDD; GS 5 to GS 7). At light levels 
below 6% of daylight, respiration rate in red clover exceeds photosynthetic rate, which 
results in seedling mortality (Taylor and Smith, 1995). Light available to red clover in our 
study was greater than this critical level in both cereal grain species and all cereal grain 
seeding rates throughout the growing season in both study years. As a result, red clover 
stands were produced in both triticale and wheat at all four seeding rates. 
Wheat allowed more light to be transmitted to the red clover seedlings than triticale in 
both years (Fig. 2). In 2003, light transmittance decreased rapidly in both species from GS 3 
to GS 4, where it began to level off. The minimum light transmittance for both species 
occurred during GS 7 (Table 4). Light transmittance began to increase during GS 8 due to 
senescence of older leaves and resource reallocation from leaves to kernels. The earlier and 
larger light transmittance increase within the wheat canopy compared to triticale was a result 
of leaf rust infection. The longer duration of green leaf area and overall lower light 
transmittance in triticale compared to wheat resulted in fewer red clover plants and weeds 
after cereal grain harvest in triticale (Table 3). In 2004, the seasonal pattern oflight 
transmittance through the canopy was similar for triticale and wheat. Light transmittance 
decreased rapidly from GS 2 to GS 4, where it leveled until GS 7, after which it increased. 
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Even though wheat allowed greater light transmittance through the canopy than triticale, 
there was no difference in red clover plant density or weeds after cereal grain harvest for the 
two cereal grains (Table 3). 
In 2003, the 100 seeds m-2 cereal grain seeding rate resulted in more light transmitted 
to red clover than 200, 300, and 400 seeds m-2 until 1050 GDD were accumulated (GS 7) 
(Fig. 3). From 1050 to 1760 GDD, the 100 seeds m-2 rate allowed more light transmittance 
than 400 seeds m-2. The 200 and 300 seeds m-2 rates allowed similar quantities of light 
transmittance to the red clover throughout the growing season. The 200 seeds m-2 rate 
allowed more light transmittance than 400 seeds m-2 from 490 to 680 GDD, after which there 
was few differences in light transmittance for the 200, 300, and 400 seeds m-2 rates. Even 
though a lower amount of light was available to the red clover seedlings, red clover plant 
density or DM production did not change as cereal grain seeding rate increased (Table 3). 
In 2004, the 100 seeds m-2 cereal grain seeding rate provided more light to red clover 
than 200, 300, and 400 seeds m-2 until 640 GDD were accumulated (GS 4) (Fig. 3). From 
640 to 1710 GDD, the 100 seeds m-2 rate generally allowed greater light transmittance than 
300, and 400 seeds m-2. The 200 seeds m-2 rate allowed greater light transmittance to the red 
clover than 300 and 400 seeds m-2 for most of the growing season. Light transmittance was 
similar for 300 and 400 seeds m-2 until 1550 GDD, when more light was avai~able to the red 
clover in the 300 seeds m-2 rate. The lower amount of light available to seedlings did not 
decrease red clover density (Table 3). However, it did reduce red clover DM production in 
the first 40 dafter cereal grain harvest by as much as 30% (Table 3). 
Soil water content measurement was timed to coincide with periods of decreased 
rainfall and increased probability of plant water stress. Average soil water content in 2003 
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was 0.17, 0.21, 0.19, 0.12, 0.20, 0.22, 0.29, and 0.22 on 23 Apr, 3 May, 19 May, 26 May, 5 
June, 13 June, 30 June, and 14 July, respectively. Water content was 6% lower with wheat 
than triticale on 5 June. Soil water content on 14 July was 10 to 13% more for 300 or 400 
seeds m-2 cereal grain rates than 100 seeds m-2 and 8% more for 400 than 200 seeds m-2. 
Average soil water content in 2004 was 0.19, 0.17, 0.15, and 0.25 on 10 Apr, 3 May, 8 May, 
and 30 June, respectively. Water content was 4 to 7% less with triticale than wheat on 10 
Apr, 3 May, and 30 June. Early in the season, soil water content decreased with each 
increase in cereal grain seeding rate (Fig. 4). However, as the season progressed this effect 
shifted and, during ripening of the cereal grains, there was actually 4 to 9% more soil water 
measured in the 300 and 400 seeds m-2 seeding rates than the 100 and 200 seeds m-2 rates. 
Red clover seeding rate had no effect on soil water content in either year. 
Results from the two years suggested precipitation during spring and early summer 
(Fig. 1) supplied the intercrop with ample moisture in the top 6 cm of soil. Thus, soil 
moisture contents were similar among cereal grain species, cereal grain seeding rates, and red 
clover seeding rates at most sampling dates. Our data also suggested that soil water content 
to a 6 cm depth can be as low as 0.12 m3 m-3 without substantially reducing red clover pl.ant 
survival. As the cereals neared harvest maturity, differences in soil water content were likely 
due to more water being used by the red clover plants in the lower cereal grain seeding rates, 
which were probably larger than red clover plants in the higher cereal grain densities. 
Conclusions 
The results of our study suggested reductions in light availability to frost-seeded red 
clover as winter cereal grain seeding rates were increased from 100 to 400 seeds m-2 have 
little influence on final plant density of frost-seeded red clover. However, lower light 
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availability at higher stand densities can limit red clover DM production. Leaf canopy and 
light transmittance differences due to cereal grain genotypic and phenotypic effects can 
influence red clover stand establishment, but differences were not great enough to influence 
red clover DM production. If priority is placed on obtaining maximum economic grain 
yields and adequate red clover stands, winter wheat and triticale grown in the North Central 
U.S. should be seeded at 300 seeds m-2. If the goal is to maximize red clover productivity, 
winter cereal grains should be seeded at 200 seeds m-2• Frost-seeded red clover stands above 
120 plants m-2 at cereal grain harvest were capable of producing maximum red clover yields. 
These red clover stand densities were achieved at red clover seeding rates between 900 and 
1200 seeds m-2. 
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Figure 1. Climatic conditions for 1 Oct. 2002 to 30 Sept. 2003 and 1 Oct. 2003 to 30 Sept. 
2004 near Ames, IA. 
56 
Table 1. Winter cereal grain species and seeding rate effects on stand density, grain yield, 
and yield components near Ames, IA in 2003. 
Target seeding Actual Grain Spikes Kernels 1000 Kernel 
Factor rate density yield m-2 spike-1 weight 
seeds m-2 plants m-2 Mg ha-1 no. no. g 
Species (S) 
Triticalet 165 3.98 360 43 26.3 
Wheatt 151 3.96 378 39 27.3 
LSD (0.05) NS§ NS NS NS 0.6 
Seeding rate (CR) 100 95 3.35 331 38 26.6 
200 133 4.09 373 42 26.5 
300 191 4.13 372 42 27.1 
400 214 4.32 399 41 26.8 
LSD (0.05) 13 0.27 46 NS NS 
SxCR 
Triticale 100 108 3.70 325 43 26.8 
Triticale 200 156 4.08 372 43 25.9 
Triticale 300 184 3.96 349 43 26.2 
Triticale 400 211 4.13 392 41 26.l 
Wheat 100 82 3.00 337 34 26.3 
Wheat 200 109 4.09 374 40 27.1 
Wheat 300 197 4.29 394 40 27.9 
Wheat 400 217 4.47 406 40 27.6 
LSD (0.05)if 19 0.38 NS NS 1.0 
LSD (0.05)# 20 0.56 NS NS 0.9 
t 'DANKO Presto' winter triticale. 
t 'Kaskaskia' winter wheat. 
§NS= Not significant. 
ii LSD (0.05) for comparing means within species. 
#LSD (0.05) for comparing seeding rate means across species. 
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Table 2. Winter cereal grain species and seeding rate effects on stand density, grain yield, 
and yield components near Ames, IA in 2004. 
Target seeding Actual Grain Spikes Kernels 1000 Kernel 
Factor rate density yield m-2 spike-1 weight 
d -2 see s m plants m-2 Mgha-1 no. no. g 
Species 
Triticalet 205 2.43 552 20 21.8 
Wheatt 197 4.03 533 28 26.7 
LSD (0.05) NS§ 0.40 NS 2 2.9 
Seeding rate (CR) 100 103 2.57 459 24 23.2 
200 154 3.11 532 24 24.2 
300 250 3.53 556 25 24.7 
400 295 3.71 624 23 24.7 
LSD (0.05) 16 0.10 46 NS 0.7 
SxCR 
Triticale 100 117 1.99 504 18 21.7 
Triticale 200 162 2.35 554 19 21.8 
Triticale 300 250 2.62 538 22 21.9 
Triticale 400 290 2.76 613 21 21.7 
Wheat 100 89 3.14 413 31 24.8 
Wheat 200 146 3.88 510 29 26.6 
Wheat 300 251 4.44 574 28 27.5 
Wheat 400 301 4.66 636 26 27.7 
LSD (0.05)iJ 23 0.14 66 3 1.0 
LSD (0.05)# 27 0.29 75 3 2.1 
t 'DANKO Presto' winter triticale. 
t 'Kaskaskia' winter wheat. 
§NS= Not significant. 
iJ LSD (0.05) for comparing seeding rate means within species. 
#LSD (0.05) for comparing seeding rate means across species. 
Table 3. Productivity of 'Cherokee' red clover (RC) frost-seeded into winter cereal grains (CG) near Ames, IA. 
2003 2004 
RC density RCDMt RC density RCDM 
Factor Target seeding rate Springt PGH§ Hlif H2# Weeds Spring PGH Hl H2 Weeds 
- plants m-2 - - Mgha- 1- plants m-2 -plants m-2 - - Mgha-1 - plants m-2 
CG species 
Triticalett 77 116 1.03 1.83 6 83 98 2.93 2.73 9 
WheatU 76 142 1.9 l 1.6 l 18 85 103 3.48 2.83 9 
LSD (0.05) NS§§ 23 NS NS 9 NS NS NS NS NS 
CG seeding rate 100 - - - - - 88 98 3.70 2.62 10 
200 77 139 1.60 1.68 12 72 101 3.74 2.73 10 
300 78 126 1.41 1.73 13 92 108 2.80 2.75 9 
400 74 123 1.41 1.75 11 85 104 2.60 3.01 7 
LSD (0.05) NS NS NS NS NS 12 10 0.50 0.13 NS 
Vi 
00 
RC seeding rate 0 - - - - 16 - - - - 17 
300 33 67 1.17 1.43 15 38 46 2.52 2.37 11 
600 57 116 1.46 1.68 15 64 76 3.05 2.65 9 
900 75 140 1.56 1.93 10 81 90 3.23 2.82 8 
1200 90 138 1.56 1.74 9 107 123 3.55 3.12 5 
1500 126 187 1.60 1.82 7 130 166 3.68 2.92 5 
LSD (0 .05) .. 12 . 19 NS 0.23 7 13 10 0.30 0.20 2 
t DM =Dry matter. 
t Spring RC density counted approx. 7 wk after planting - 13 May 2003 and 5 May 2004. 
§ Post-grain harvest density counted within a week after CG harvest - 23 July 2003 and 21 July 2004. 
~RC growth harvested 40 d after CG harvest - 22 Aug. 2003 and 23 Aug. 2004. 
# RC regrowth harvested 40 d after the first RC harvest and 80 d after CG harvest - 1 Oct. 2003 and 4 Oct. 2004. 
tt 'DANKO Presto' winter triticale. tt 'Kaskaskia' winter wheat. §§NS= Not significant. 
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Figure 2. Light transmittance through a winter cereal grain canopy to the top of a red clover 
intercrop canopy grown near Ames, IA. Transmittance means are averaged over cereal grain 
seeding rates of 100, 200, 300 and 400 seeds m-2. 
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Figure 3. Light transmittance through a winter cereal grain canopy to the top of a red clover 
intercrop canopy grown near Ames, IA. Transmittance means are averaged for 'DANKO 
Presto' triticale and 'Kaskaskia' wheat. 
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Table 4. The relationship of calendar date, thermal time, and winter cereal growth stage 
(GS). Wheat and triticale phenology was recorded using Zadoks scale during the 2003 and 
2004 growing seasons near Ames, IA. 
Date GDDt GSt 
2003 
31 Mar. 142 22 
12May 601 31 
22May 746 39 
7 June 1016 65 
19 June 1268 85 
7 July 1673 90 
2004 
10 Apr. 235 22 
23 Apr. 386 31 
6May 544 32 
15 May 687 40 
27May 896 55 
4 June 1034 65 
15 June 1285 75 
25 June 1454 85 
6 July 1674 90 
t GDD = L [((daily max. temp. + daily min. temp.) I 2) - base 
temp.] >O with base temperature= 0. 
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Chapter 4: Seeding rate effects on red clover dry matter, forage quality, 
and soil nitrate in a winter cereal grain/red clover intercrop 
A paper submitted to Agronomy Journal 
Brock C. Blaser, Jeremy W. Singer, Lance R. Gibson, and Jean-Luc Jannink 
Abstract 
North Central U.S. producers need knowledge and incentive in order to incorporate a 
winter cereal grain production system into the current com (Zea mays L.)/soybean [Glycine 
max (L.) Merr.] rotation. The addition of a red clover (Trifolium pratense L.) intercrop can 
provide multiple benefits, including forage, nitrogen (N) contribution to subsequent crops, 
and enhancement of soil quality. A cereal grain/red clover intercropping study was used to 
evaluate the effect of cereal grain and red clover seeding rates on red clover dry matter (DM) 
production, forage quality and N contribution to com. Winter wheat (Triticum aestivum L.) 
and triticale (X Triticosecale Wittmack) were seeded at 100, 200, 300, and 400 seeds m·2 in 
early October of 2002 and 2003. In March, red clover was frost-seeded into the cereal grains 
at rates of 0, 300, 600, 900, 1200 and 1500 seeds m·2• Red clover harvests in the late 
summer, early fall and following spring resulted in total DM production of 6 to 8 Mg ha-1• In 
2004, red clover crude protein (CP) and in vitro dry matter digestibility (IVDMD) increased 
10 and 5%, respectively, and neutral detergent fiber (NDF) decreased 9% as cereal grain 
seeding rates increased from 100 to 400 seeds m·2. Forage quality decreased in both study 
years as red clover seeding rates increased. In one study year, soil N03-N concentrations 
were greater than the no clover treatment when red clover seeding rates were >900 seeds m·2. 
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Introduction 
Incorporating winter cereal grains, such as wheat and triticale, into the com-soybean 
rotation in the North Central U.S. can be challenging unless producers see clear and 
obtainable benefits. By introducing a winter cereal grain, producers can diversify income 
(Exner and Cruse, 2001 ), break pest cycles (Cook, 1988), and improve yields of subsequent 
crops (Singer and Cox, 1998; Crookston et al., 1991). Using a winter cereal grain as a 
companion crop could provide a cash grain crop and straw (Exner and Cruse, 2001) while 
minimizing soil erosion (Kaspar et al. , 2001) and weed competition (Van Heemst, 1985) 
during legume establishment. A forage legume crop, such as red clover, growing during the 
period following winter cereal grain harvest can provide high quality forage for livestock 
(Scott et al. , 1987), weed suppression (Mutch et al., 2003), N for subsequent crops 
(Hesterman et al., 1992; Singer and Cox, 1998), and improved soil quality. The influence of 
winter cereal grain and red clover seeding rates on red clover DM production, quality, and N 
contribution to succeeding crops must be known for successful management of this system. 
Research on the effects of legume stand density on forage quality are limited and 
primarily focw~ed on alfalfa. Alfalfa studies using rates of 11 to 484 plants m-2 (Bolger and 
Meyer, 1983) and 4.5 to 50.4 kg ha-1 (Krueger and Hansen, 1974; Stout, 1997) found no 
effect of seeding rate on various forage quality factors. However, Volenec et al. (1987) and 
Cherney et al. (1986) reported that plant stem diameter decreased and stem IVDMD 
increased about 5% as first year alfalfa stand densities increased from 11 to 172 plants m-2. 
Cherney et al. (1986) also reported a decrease in alfalfa stem NDF and ADF concentrations 
as stand densities increased, yet there was no effect of stand density on IVDMD, ADF or 
NDF when forage samples containing both stems and leaves were evaluated. Min et al. 
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(2000) reported a quadratic response between seeding rate and alfalfa CP in the first harvest 
following the establishment year, but the effect was not present in a second harvest 60 d later. 
There have been few studies of companion crop affects on forage legume quality. 
One such study found alfalfa (Medicago sativa L.) planted with barley (Hordeum vulgare L.) 
or oat (Avena sativa L.) in Minnesota had 0.5 to 2.4 g kg-1 less CP, 9 g kg-1 greater NDF and 
3 g kg-1 greater acid detergent fiber (ADF) than direct-seeded alfalfa (Brink and Marten, 
1986) when harvested twice in the establishment year. 
Since there is no research reported for the effects of winter cereal grain and red clover 
seeding rates on red clover productivity, the objectives of this study were to determine if 
companion crop seeding rate, red clover seeding rate, and harvest period affects red clover 
DM production, forage quality, and soil nitrate. Red clover was sown into existing winter 
small grains through frost-seeding, a simple, low-cost method that utilizes soil movement 
caused by freezing, thawing, and precipitation in the early spring to incorporate surface- · 
broadcasted seed into the soil (Hesterman et al., 1992; Barnhart, 2002). 
Materials and Methods 
This winter cereal grain-red clover intercrop seeding rate study was conducted. in the 
2002-03 and 2003-04 growing seasons at the Iowa State University Agronomy and 
Agricultural Engineering Farm near Ames, IA (42° OO'N, 93° 50'W; elevation 341 m asl). 
Treatments were arranged in a split-split-plot with four replicates with cereal grain species as 
main plot, cereal grain seeding rates as subplot and red clover seeding rates as sub-subplot. 
Recently harvested soybean fields with Clarion loam soil (fine-loamy, mixed, mesic 
typic Hapladoll) in 2002-03 and Canisteo silty clay loam soil (fine-loamy, mixed, 
superactive, calcareous, mesic Typic Endoaquolls) in 2003-04 were prepared for planting 
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with one pass of a tandem disk followed by one pass of a culti-packer roller. 'Kaskaskia' 
soft red winter wheat and 'DANKO Presto' triticale were planted at 100, 200, 300, and 400 
seeds m-2 on 11 Oct. 2002 for 2003 harvest and 1 Oct. 2003 for 2004 harvest using a tractor-
mounted 7.6 m wide Marliss grain drill (Marliss Industries, Jonesboro, AR) with 19 cm row 
spacing. Both species were replanted at the targeted rates on 15 Oct. 2003 due to very poor 
stands resulting from planting equipment problems. The planted area for each cereal grain 
seeding rate was 7.6 x 22.9 min 2002-03 and 7.6 x 27.4 min 2003-04. In 2003, wheat 
subplots were harvested on 16 July and triticale subplots were harvested on 22 July. In 2004, 
both wheat and triticale subplots were harvested on 15 July 2004. 
'Cherokee' red clover was frost-seeded into each cereal grain seeding rate plot at 0, 
300, 600, 900, 1200, and 1500 seeds m-2 using a tractor-mounted, 3.66 m wide Gandy Model 
#1012T-TBM drop spreader (Gandy Co., Owatonna, MN) on 26 Mar. 2003 and 12 Mar. 
2004. Each red dover seeding rate treatment occupied 3.8 x 7.6 min 2002-03 and 3.8 x 9.1 
min 2003-04. To adapt to a limited plot area in 2002-03, the 0, 1200, and 1500 seeds m-2 
clover seeding rates were not included in the 100 seeds m-2 cereal grain seeding rate plots, 
which were reduced in size to 3.8 x 22.9 m. All plots were broadcast fertilized with 45 kg N 
ha-1 in the form ofNH4N03 on 25 Mar. 2003 and 12 Mar. 2004. 
Red Clover Biomass and Density 
Above ground biomass accumulation of the red clover in cereal grain plots was 
determined at approximately 10, 25, and 40 dafter cereal grain harvest. Red clover biomass 
from two 0.25 m2 quadrats in each red clover seeding rate was harvested 6 cm above the soil 
surface on 24 July, 12 Aug., and 22 Aug. 2003 and 26 July, 9 Aug., and 23 Aug. 2004 and 
oven dried at 60 °C until a constant weight was achieved. Each successive harvest was 
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sampled from a different, non-trafficked area of the plots. All red clover biomass was 
removed from the plots by mechanically harvesting with a Green Chopper Lacerator™ 
(Gruett's, Potter, WI) leaving a 6 cm stubble height on 22 Aug. 2003 and 23 Aug. 2004. 
Three additional red clover harvests were taken approximately 10, 25, and 40 d 
following the machine harvest using the previously described hand clipping method. These 
harvests were completed on 3 Sept., 17 Sept., and 1 Oct. 2003 and 2 Sept., 16 Sept., and 4 
Oct. 2004. All red clover growth was removed from plots with the flail chopper on 1 Oct. 
2003 and 4 Oct. 2004. The spring following establishment, a final red clover biomass 
harvest was taken on 11 May 2004 and 9 May 2005. A red clover density count was 
determined by digging and counting the plants within one 0.25 m2 quadrat in each red clover 
seeding rate on 12 May 2004 and 10 May 2005. The red clover density count and biomass 
harvests were obtained from three of four experiment replications. 
Red Clover Forage Quality 
Red clover samples from the two 40 d and spring biomass harvests were used for 
forage quality analysis. The two 40 d harvests occurred on 22 Aug. 2003 and 23 Aug. 2004 
and 1 Oct. 2003 and 4 Oct. 2004, respectively. The spring harvests occurred on 12 May 
2004 and 10 May 2005. Oven-dried samples were ground using a Model-4 Wiley laboratory 
mill (Thomas Scientific, Swedesboro, NJ) fitted with a 1-mm screen. Ground samples were 
analyzed for N concentration using the Dumas combustion method (AOAC Method 990.03). 
Crude protein was calculated by multiplying the percent N by 6.25. 
Forage digestibility was measured using the IVDMD method by Tilley and Terry 
(1963) as modified by Marten and Barnes (1980). The IVDMD procedure was performed on 
a 0.5 g sub-sample of the ground plant samples. Neutral detergent fiber analysis was 
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performed using a 0.25 g sub-sample. These sub-samples were analyzed with Ankom's fiber 
analyzer F200 following the company's NDF protocol (Ankom Technology Corporation, 
Fairport, NY). Percent DM was determined by drying 1 g of ground plant tissue at 105 °C 
for 4 h and weighing. All forage quality results are reported on a DM basis. 
Late Spring Nitrate Test (LSNT) 
The red clover was mechanically harvested with the flail chopper and removed from 
the plot on 12 May 2004 and 10 May 2005. Dekalb DKC53-33 glyphosate-resistant com 
was planted on 14 May 2004 and 10 May 2005. Red clover was allowed to regrow for 
approximately 2 wk for chemical control to be effective. Roundup WeatherMax® 
[glyphosate, N- (phosphonomethyl) glycine] (Monsanto Co., St. Louis, MO) was applied at 
1.6 L ha·' on 28 May 2004 and 2 June 2005 to kill the red clover. Soil samples were 
collected for the LSNT when com was approximately at the V5 growth stage (Ritchie et al., 
1992). Five soil cores were collected from the upper 30 cm of the soil profile from each red 
clover seeding rate plot on 22 June 2004 and 20 June 2005. The five soil cores were 
composited and a 20 g sub-sample was analyzed for N03-N using an extraction with 100 mL 
of 2 M KCl and a cadmium reduction flow injection procedure. The analysis was performed 
using a Lachat Quik-Chem 8000 (Hach ~o., Loveland, CO) and adjusted for soil dry weight 
(Mulvaney, 1996). 
Weather Data 
Air temperature and precipitation data were obtained from the Iowa Environmental 
Mesonet (IEM, 2005). Daily maximum and minimum air temperatures and precipitation 
were recorded at a weather station located 1.5 km from the experimental site. Long-term air 
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temperature and precipitation data were recorded at a weather station located 13 km from the 
experimental site. 
Statistical Design and Analysis 
The experiment had an incomplete randomized block design in 2002-03 because 0, 
1200 and 1500 seeds m-2 red clover seeding rates were not planted in the 100 seeds m-2 cereal 
grain seeding rate treatment. The experimental design for 2003-04 was a randomized 
complete block. Statistical analysis was performed using the PROC MIXED (method = 
type3) procedure of the Statistical Analysis System (SAS Institute, Cary, NC). A Fisher's 
protected LSD (a= 0.05) was used for means separation. 
Results and Discussion 
Weather Conditions 
Climatic conditions were monitored from early March of the red clover seeding year 
to early May of the year following seeding (Fig. 1). Mean daily air temperatures were above 
the 30-yr average in early spring 2003, but returned to average in early May and remained 
near average for the rest of the year. Temperature dropped below average in mid-February 
2003, then increased above average during March to early May. Total precipitation for the 
red clover establishment and growth period in the first study year (1 Mar. 2003 to 10 May 
2004) was 1033 mm, 6% higher than the 30-yr average. Above-average precipitation was 
recorded for the period between red clover planting and cereal grain removal in mid-July. 
For the red clover DM production period in mid-July to early October, the precipitation total 
of 157 mm was 33% below average. Precipitation totals returned to slightly above average 
from early October, through the winter months, and leading up to the spring red clover DM 
harvest. 
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Temperatures were near the 30-yr average in spring 2004, below average from mid-
June through August and slightly above average from August until the end of 2004 (Fig. 1 ). 
Temperature was above average for most of spring 2005. Total precipitation from 1 Mar. 
2004 to 10 May 2005 was 995 mm, 4% below average. Precipitation was near the 30-yr 
average from early March to mid-May and increased slightly above average from mid-May 
to mid-July. During the period of maximum red clover DM production from mid-July to 
early-October, the precipitation total was 184 mm, 22% below average. Precipitation totals 
returned to average through the following fall, winter, and spring months. 
Red Clover Dry Matter Growth Periods 
Red clover established under triticale yielded 67 and 59% less DM than red clover 
under wheat at 10 and 25 d harvests of the first red clover growth period in 2003 (Table 1 ). 
The reason is two-fold. First, wheat matured and was harvested 6 d earlier than triticale 
allowing red clover plants in wheat treatments six extra d of growth without competition of 
the grain canopy. Second, throughout the growing season, triticale canopies transmitted less 
light to the red clover intercrop than wheat and only 116 red clover plants m-2 were 
established under triticale compared to 142 plants m-2 und.er wheat (See Chapter 3). 
Klebesadel and Smith (1959) reported that more competitive cereal grain species transmitted 
less light to a legume intercrop reducing legume stand density and DM production. By the 
40 d harvest of the first growth period, red clover DM was no longer affected by species. In 
the 10 d harvest of the first growth period, red clover DM increased 43% as cereal grain 
seeding rates decreased from 400 to 200 seeds m-2 (Table 1 ). Lower cereal grain densities 
competed less for available light, which resulted in greater red clover growth. 
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Red clover seeding rates affected DM at the 10 and 25 d harvests in 2003 as yields 
increased 77 and 56% when seeding rates increased from 300 to 1500 seeds m·2 (Fig. 2). 
Red clover established with 900 seeds m·2 (140 plants m-2) produced DM similar to the 1200 
and 1500 seeds m-2 seeding rates (138 and 187 plants m"2) at the 25 d harvest of the first 
growth period and the 25 and 40 d harvests of the second growth period. This suggests that 
the 900 seeds m·2 red clover seeding rate produced an adequate red clover stand to maximize 
DM production in 2003. 
The first 40 d growth period of 2004 also exhibited an early effect of the cereal grain 
companion crop species when red clover established under triticale produced 36% less DM 
than wheat at the 10 d harvest (Table 1 ). Cereal grain species were harvested on the same 
day, suggesting that a denser triticale canopy most likely contributed to the reduced red 
clover stand. This effect diminished rapidly and was not present throughout the rest of the 
growing season. Increasing cereal graih seeding rates from 100 to 400 seeds m-2 decreased 
red clover DM yields 62, 49, and 30% for the 10, 25, and 40 d harvests, respectively (Table 
1 ). The residual effect of cereal grain seeding rates on red clover DM production decreased 
over time suggesting a compensatory-type growth response in the red clover. 
Red clover DM directly responded to increased red clover seeding rates at the 10 d 
harvest and over most red clover seeding rates at the 25 and 40 d harvests (Fig. 2). 
Maximum DM was produced with the 1500 seeds m-2 (166 plants m"2) seeding rate at the 10 
d harvest of the first 40 d growth period in 2004, but yields were not different from the 1200 
seeds m-2 (123 plants m-2) seeding rate at the 25 or 40 d harvests. Red clover DM production 
increased as red clover rates increased for each cereal grain seeding rate, yet there was a 
decrease in DM with the 1200 and 1500 seeds m·2 red clover seeding rates grown under the 
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300 and 400 seeds m-2 cereal grain rates (data not shown). This cereal grain seeding rate by 
red clover seeding rate interaction is most likely attributed to increased interplant competition 
for light and water exhibited by the combination of both crops being planted at the highest 
densities. 
All red clover DM responses to red clover seeding rate in the second 40 d growth 
period of 2004 were similar in response to DM from the first 40 d growth period; however 
the 1200 seeds m-2 red clover seeding rate produced the same or more DM than the 1500 
seeds m-2 seeding rate. A cereal grain seeding rate effect reappeared at the 40 d harvest of 
the second growth period, yet was not present in the 10 or 25 d harvests. Cereal grain 
seeding rates from the first growth period produced decreased amounts of red clover DM as 
the rate increased, but this trend was reversed in the second growth period as red clover DM 
increased 13% when cereal grain seeding rates increased from 100 to 400 seeds m-2. This 
could be attributed to reduced soil moisture available for the larger plants that developed 
under the lower cereal grain seeding rates in the first growth period. As smaller plants under 
the larger cereal grain seeding rates matured, larger root systems may have developed which 
would have been able to capture more soil water and increase DM production. 
Spring Red Clover Density and Dry Matter 
Red clover stand densities following winter cereal grain harvest in 2003 averaged 12 
to 22% of target seeding rates and ranged between 67 and 187 plants m-2 (See Chapter 3). 
After digging and counting plants in the spring after frost-seeding, red clover densities were 
found to increase 30 to 46% from the density counts obtained after cereal grain harvest the 
previous summer (Table 2). Overall, 21 to 40% of the frost-seeded red clover established 
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mature plants with actual stand densities ranging from 116 to 314 plants m-2 across all red 
clover seeding rates. 
Similar to 2004, density counts in the spring of 2005 also showed a 3 to 28% increase 
in plant number (64 to 172 plants m-2) from the previous season's results (Table 2). Red 
clover stand densities recorded after cereal grain harvest in 2004 averaged 11 to 15% of 
target densities with a range of 46 to 166 plants m-2 (See Chapter 3). These stand densities 
were slightly higher than Casler et al. (1999) who reported red clover pasture frost-seeding 
success of 7 to 11 %. A cereal grain seeding rate effect was also observed in spring 2005 as 
red clover densities increased from 109 to 137 plants m-2 with increased cereal grain seeding 
rates. The increase in red clover plants from the previous summer to the following spring 
and with increased cereal grain seeding rates suggested red clover plants continue to emerge 
and become established when environmental stresses are changed or eliminated. This could 
be caused by increased light on the soil surface or additional rainfall in the late summer and 
fall that would help penetrate hard seed coats or move seed into more suitable environments 
for germination. 
In the spring of 2004, red clover established under triticale yielded 3 .14 Mg DM ha-1, 
11 % higher than red clover grown under wheat (data not shown). This was most likely due 
to an increase in red clover stand densities in triticale from the 2003 post-cereal grain harvest 
average of 116 plants m-2 to the spring 2004 count of 235 plants m-2. Red clover seeding 
rates also influenced DM production as maximum yields were produced from 900 seeds m-2 
(204 plants m-2) red clover seeding rate (Table 2). Spring 2005 DM production averaged 
2.49 Mg ha-1 across all treatments and had no species, cereal grain or red clover seeding rate 
effects. Red clover stands had significantly different densities across all rates, yet DM 
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production was similar (Table 2). This is most likely due to the normal precipitation and 
warmer temperatures in the fall of2004 and spring of 2005. Because there was little 
environmental stress, differences in red clover plant density were not observed. 
Red Clover Forage Quality 
Crude protein concentrations ranged from 181to265 g kg-1 in 2003-04. Red clover 
forage harvested from treatments established under triticale had 14 and 1 % higher CP than 
forage harvested from wheat treatments in the 40 d and spring harvests, respectively (data not 
shown). Red clover CP at 40 d decreased 6% as red clover seeding rates increased from 300 
to 1500 seeds m-2 (67 to 187 plants m"2; Table 3). However, only red clover harvested from 
treatments planted with> 1200 seeds m·2 (138 plants m"2) produced DM with less CP. Min et 
al. (2000) reported a decrease in CP as alfalfa densities increased over 100 plants m·2, 
suggesting that plant densities over a critical maximum may begin to decrease CP 
concentrations. Similar to our results, they concluded that high seeding rates did not increase 
CP content. A species by red clover seeding rate interaction for CP occurred at the 80 d 
harvest as the concentrations increased with increases in red clover rates except for the 1200 
seeds m·2 red clover seeding rate in triticale, which dropped dramatically before returning to 
similar concentrations to wheat at the 1500 seeds m·2 red clover seeding rate (data not 
shown). 
In 2003-04, NDF and IVDMD concentrations ranged from 290 to 325 and 650 to 758 
g kg-1, respectively (Table 3). At the 80 d harvest, red clover seeded at the 300 seeds m·2 (67 
plants m-2) seeding rate produced forage with lower NDF concentration, while greater NDF 
concentrations were produced for red clover rates over 600 seeds m·2 (116 plants m"2). Red 
clover IVDMD decreased as red clover seeding rates increased with a minimum of 650 g kg·1 
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at 1500 seeds m-2. These treatments had higher IVDMD than treatments seeded below 600 
seeds m-2• Volenec et al. (1987) reported increased stem IVDMD as seeding rates increased 
in a May harvest of a 1-yr-old alfalfa stand. These conflicting results can be attributed to 
species or harvest date differences and type of plant tissue analyzed (stem, leaf, or a 
composite of both). The IVDMD and NDF differences in our study were observed from a 
red clover composite sample at an 80 d harvest performed on 1 Oct. 2003. These differences 
indicated harvest date and species to be important factors influencing legume forage quality. 
A cereal grain seeding rate by species interaction occurred for both NDF and IVDMD at the 
80 d harvest because of a 3 g kg-1 NDF increase and a 4 g kg-1 IVDMD decrease in red clover 
DM harvested from the 200 seeds m-2 cereal grain treatments. Both NDF and IVDMD ofred 
clover grown under the two highest cereal grain seeding rates were similar. 
In 2004-05, CP, NDF, and IVDMD concentrations ranged from 170 to 233, 240 to 
355, and 703 to 789 g kg- 1, respectively (Tables 3 and 4). As cereal grain seeding rate 
increased at the 40 d harvest in 2004, NDF concentrations decreased 9% and IVDMD and CP 
concentrations increased 5 and 10%, respectively (Table 4). This suggests that a residual 
effect from the higher cereal grain seeding rates could have r~sulted in smaller red clover 
plants with higher forage quality. Red clover seeding rates below 600 seeds m-2 for the 40 
and 80 d harvests and 900 seeds m-2 for the spring harvest produced DM with the lowest 
NDF concentrations (Table 3). Spring harvest IVDMD concentrations from red clover 
treatments below 900 seeds m-2 were higher than the highest red clover rate of 1500 seeds m-
2. A cereal grain seeding rate by red clover seeding rate interaction for the 2004-05 spring 
NDF and IVDMD concentrations showed inconsistent results among cereal grain rates, but 
displayed a general increase in NDF and decrease in IVDMD as red clover rates increased 
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(data not shown). Even though forage quality differences were observed, these differences 
were minor relative to end use of the forage; thus suggesting that neither companion crop 
species, cereal grain seeding rate or red clover seeding rate will dramatically influence the 
red clover forage quality in this intercrop system. 
Late Spring Nitrate Test (LSNT) 
In the spring of2004, treatments that previously had triticale had 0.7 mg kg-1, 15% 
higher soil N03-N than wheat (Table 5). Triticale treatments yielded 11 % more red clover 
DM than wheat, suggesting that higher DM production may have resulted from greater 
belowground biomass available for decomposition and mineralization. A three-way 
interaction among species, cereal grain seeding rate and red clover seeding rate was detected 
because wheat plots without red clover had an increase in soil N03-N at the 400 seeds m-2 
cereal grain seeding rate. Also, the 300 and 1200 seeds m-2 red clover seeding rates showed 
increases in soil N03-N at the 400 seeds m-2 triticale grain seeding rate. Conversely, the 
1200 and 1500 seeds m-2 red clover seeding rates in the 400 seeds m-2 wheat seeding rates 
had decreased soil N03-N compared to other cereal grain and red clover seeding rate 
treatments. Effective chemical control of r~d clover in 2004 was delayed. This probably 
lowered our estimate ofN03-N availability because of slower mineralization ofred clover 
root material and possible uptake of soil N03-N prior to control and sampling. Vyn et al. 
(1999) suggested that red clover might capture some available soil N03-N prior to chemical 
control. 
Data from soil samples collected in the spring of 2005 reported a red clover seeding 
rate effect on LSNT. Soil N03-N concentration was greater than the no clover treatment 
when red clover seeding rates were >900 seeds m-2 (> 125 plants m-2; Table 5). In this study, 
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red clover aboveground biomass was removed for forage, leaving only the plant crown and 
root system for mineralization. Small differences among red clover seeding rates in 2005 
suggest LSNT samples may have been obtained before substantial red clover N was 
mineralized, but demonstrate that red clover can increase soil N03-N for subsequent crops. 
Conclusions 
Red clover frost-seeded into winter cereal grains is capable of producing satisfactory 
DM regardless of red clover seeding rate, but can be maximized with seeding rates as low as 
900 seeds m-2. Red clover DM production from forage harvests in the late summer and early 
fall and an additional harvest the following spring can provide producers with 6 to 8 Mg DM 
ha·1 across two seasons. Cereal grain species had small effects on the red clover forage 
quality while increased cereal grain seeding rates slightly increased quality in one study year. 
Increased red clover seeding rates resulted in minor forage quality decreases in both study 
years. Therefore, producers seeking to maximize frost-seeded red clover DM production can 
do so with little effect on forage quality if they use optimum seeding rates for both the cereal 
grain companion crop and red clover. Also, our results underestimated the N contribution of 
red clover but indicated potential for red clover to increase soil N03-N levels above fields 
that typically remain fallow prior to com planting. 
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Figure 1. Climatic conditions for 1 Mar. 2003 to 30 May 2004 and 1 Mar. 2004 to 30 May 
2005 near Ames, IA. 
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Table 1. Influence of winter cereal grain (CG) species and CG seeding rate on dry matter 
(DM) production of intercropped 'Cherokee' red clover. Red clover was frost-seeded into 
the winter CG at rates of 300, 600, 900, 1200, and 1500 seeds m-2 near Ames, IA in March of 
the sampling year. 
Factor Target seeding rate 










Red clover DMt 
2003 
10 d 25 d 40 d 10 d 
Mg ha-' 
0.11 0.42 1.03 0.46 
0.33 1.02 1.91 0.72 
0.13 0.27 NS~ 0.14 
0.89 
0.28 0.83 1.60 0.69 
0.21 0.64 1.41 0.44 
0.16 0.68 1.41 0.34 
0.06 NS NS 0.13 
2004 









t Dry matter production 10, 25 and 40 d after cereal grain harvest. Sampling occurred on 24 
July, 1 ~ Aug., and 22 Aug. 2003 and 26 July, 9 Aug., and 23 Aug. 2004, respectively. 
Means were averaged over the five red clover seeding rates. 
t 'DANKO Presto' winter triticale. 
§ 'Kaskaskia' winter wheat. 
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Figure 2. Red clover dry matter sampling from two I 0, 25, and 40 d growth periods. The 
first period commenced I 0 d after cereal grain harvest in the 2003 and 2004 growing seasons 
near Ames, IA. The second period started 10 d after complete aboveground biomass removal 
at the 40 d harvest of the first period. 
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Table 2. 'Cherokee' red clover (RC) plant density and dry matter (DM) means the spring 
after the establishment year near Ames, IA as influenced by RC seeding rate. Red clover was 
frost-seeded into winter cereal grains planted at 100, 200, 300 and 400 seeds m-2 in spring of 
2003 and 2004. Data were collected in the spring of the 2004 and 2005 growing seasons and 
averaged across cereal grain seeding rates. 
2004 2005 
Factor Target seeding rate Densityt DMt Density DM 
seeds m-2 plants m-2 Mg ha-1 plants m-2 Mg ha-1 
RC seeding rate 300 116 2.82 64 2.27 
600 166 2.83 98 2.51 
900 204 3.15 125 2.48 
1200 255 2.95 147 2.62 
1500 314 3.12 172 2.55 
LSD (0.05) 31 0.26 25 NS§ 
t Counted on 12 May 2004 and 10 May 2005. 
t Harvested on 11 May 2004 and 9 May 2005. 
§ NS = Not significant. 
Table 3. Mean neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and crude protein (CP) of 'Cherokee' red 
clover (RC) as affected by RC seeding rate and averaged across four cereal grain seeding rates. Red clover was harvested from 
two consecutive 40 d growth periods post-cereal grain harvest (PGH) and in the spring following the establishment year near 
Ames, IA. 
40 d PGHt 80 dPGHt Spring§ 
Factor Target seeding rate NDF IVDMD CP NDF IVDMD CP NDF IVDMD CP 
seeds m-2 g kg-I 
2003-04 
RC seeding rate 300 309 686 209 298 679 256 320 758 230 
600 316 684 206 313 667 261 323 752 234 
900 305 686 203 319 661 258 325 749 227 
1200 314 678 200 316 665 256 316 755 233 
1500 318 670 196 322 650 265 323 748 227 00 
LSD (0.05) NS if NS 8 13 17 NS NS NS NS Vo 
2004-05 
RC seeding rate 300 331 726 177 245 786 227 244 771 234 
600 336 725 180 252 788 224 240 772 232 
900 344 720 179 256 789 227 244 769 230 
1200 345 720 179 270 783 219 249 764 230 
1500 343 725 181 260 784 225 253 760 230 
LSD (0.05) 9 NS NS 8 NS NS 8 8 NS 
t Harvested on 22 Aug. 2003 and 23 Aug . . 2004. 
t Harvested on 1 Oct. 2003 and 4 Oct. 2004. 
§Harvested on 11May2004 and 9 May 2005. 
if NS= Not significant. 
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Table 4. Mean neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and 
crude protein (CP) of 'Cherokee' red clover as affected by cereal grain (CG) seeding rate in 
2004. Means from a harvest 40 d post-cereal grain harvest (PGH) were averaged over five 
red clover seeding rates of 300, 600, 900, 1200, and 1500 seeds m-2. 
40 dPGHt 
Factor Target seeding rate NDF IVDMD CP 
seeds m-2 g kg-I 
CG seeding rate 100 355 703 170 
200 351 712 171 
300 330 735 187 
400 324 743 189 
LSD (0.05) 15 13 8 
t Harvested on 23 Aug. 2004. 
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Table 5. Mean soil nitrate (N03-N) concentrations approximately 3 wk following chemical 
control of 'Cherokee' red clover (RC) in the spring following establishment as affected by 
winter cereal grain (CG) used as a companion crop and RC seeding rate. Corn was planted 
no-tillage into RC stands near Ames, IA on 14 May 2004 and 10 May 2005 after a forage 
harvest. Soil samples were collected on 22 June 2004 and 20 June 2005 when com was 
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t Corn growth stage (Ritchie et al., 1992). 
t 'DANKO Presto' winter triticale. 
§ 'Kaskaskia' winter wheat. 























Chapter 5: General Conclusions 
Integrating more acres of winter cereal grains and forages into North Central U.S. 
production systems provides a unique challenge because producers are comfortable with their 
current com-soybean systems and may be hesitant to expand their rotations. Introducing a 
winter cereal grain-red clover intercrop into the current com-soybean rotation can provide 
producers a crop alternative that diversifies income (Exner and Cruse, 2001), improves yields 
of subsequent crops (Singer and Cox, 1998; Hesterman et al., 1992; Crookston et al. , 1991 ), 
enhances soil quality (Reicosky and Forcella, 1998), disrupts pest cycles (Cook, 1988), and 
produces forage for livestock (Scott et al. , 1987). Agronomic information, such as seeding 
rates, planting dates, harvest schedules, and their influence on crop yield and quality are 
questions that must be answered before producers will adopt a new cropping system. The 
objectives of this research were to identify optimum seeding rates for a winter cereal 
grain/red clover intercrop system, evaluate the effects of plant competition on light and soil 
water availability and to provide North Central U.S. producers a cropping alternative that is 
viable, reliable, and productive. 
Results from this study demonstrated that winter wheat and triticale could most 
successfully be grown using a seeding rate of 300 seeds m-2. In some cases, slightly greater 
grain yields were obtained with a 400 seeds m-2 cereal grain seeding rate, but these increases 
were inconsistent and in most cases would not cover the cost of 100 extra seeds m-2. Cereal 
grain seeding rate did not influence red clover density or dry matter (DM) production in the 
first study year and the effects in the second study year diminished as the growing season 
progressed. Overall, cereal grain seeding rate was not a major factor influencing red clover 
establishment and production. 
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Frost-seeding red clover in early March was a suitable establishment method that 
produced stands ranging from 116 to 314 red clover plants m-2 in 2003-04 and 64 to 172 
plants m-2 in 2004-05. Maximum red clover DM was produced with 900 to 1500 seeds m-2 
red clover seeding rates suggesting that a critical maximum stal}d density was reached above 
which no greater amounts ofDM were produced. Total seasonal red clover DM production 
ranged from 6 to 8 Mg ha-1 when harvests were performed in late summer, early fall, and the 
following spring. The presence of red clover, even at low plant densities, reduced weed 
populations in both study years and increased spring soil N03-N more than treatments 
without red clover in one study year. 
Residual effects of cereal grain species on forage quality were minor. However, red 
clover forage quality increased slightly as cereal grain seeding rates increased in one study 
year. When red clover seeding rates increased, red clover forage quality decreased slightly. 
This second finding was contrary to past studies on alfalfa forage quality. Differences in 
results of previous studies and the current study were attributed to differences in legume 
species, established stand densities, harvest dates, and management. 
Competition for resources, especially light, influenced the establishment of the red 
clover int~rcrop in winter wheat and triticale. Cereal grains with denser canopies due to 
species or increased stand densities reduced the quantity of light transmitted to the red clover 
intercrop. Therefore, additional research exploring variability in cereal grain traits and their 
influence on legume intercrop establishment may provide useful information for improving 
this intercrop system and increasing the likelihood of its adoption into the North Central U.S. 
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Appendix 1: ANOV A Tables 
Table 1. ANOV A for seeding rate of winter wheat or winter triticale effects on stand density, 
grain yield and yield components in the 2003 and 2004 growing seasons near Ames, IA. 
Plant Grain Spikes m-2 Kernels 1000 Kernel Source of variation df density yield spike-1 weight 
P > F 
2003 
Block (B) 3 0.022 0.368 0.132 0.073 0.022 
Species (S) 1 0.078 0.258 0.447 0.018 0.012 
Error a (B x S) 3 
Cereal grain rate (CR) 3 <0.001 <0.001 0.046 0.521 0.304 
SxCR 3 0.001 0.005 0.785 0.471 0.011 
Error b (Residual) 18 
2004 
Block (B) 3 0.354 0.144 0.594 0.066 0.604 
Species (S) 1 0.428 0.001 0.471 0.002 0.013 
Error a (Bx S) 3 
Cereal grain rate (CR) 3 <0.001 <0.001 <0.001 0.576 0.001 
SxCR 3 0.090 <0.001 0.032 0.018 0.002 
Error b (Residual) 18 
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Table 2. ANOV A for seeding rate of winter wheat or winter triticale effects on grain 
moisture, test weight and protein in the 2003 and 2004 growing seasons near Ames, IA. 
Source of variation df Moisture Test weight Grain protein 
P > F 
2003 
Block (B) 3 0.075 0.010 0.339 
Species (S) 1 <0.001 <0.001 0.001 
Error a (B x S) 3 
Cereal grain rate (CR) 3 0.004 0.023 0.006 
SxCR 3 0.474 0.012 0.137 
Error b (Residual) 18 
2004 
Block (B) 3 0.170 0.311 0.689 
Species (S) 1 0.006 0.001 0.365 
Error a (Bx S) 3 
Cereal grain rate (CR) 3 <0.001 0.001 0.050 
SxCR 3 0.218 0.005 0.777 
Error b (Residual) 18 
Table 3. ANOV A for red clover (RC) densities in the spring of the establishment year (spring) and post-cereal grain harvest 
(PGH), RC dry matter (DM) harvested from two consecutive 40 d growth periods PGH, and weed densities (WD) during the 2003 
and 2004 RC growth periods near Ames, IA. Red clover was established by frost-seeding into winter cereal grains in the spring of 
the sampling year. 
2003 2004 
RC density RCDM RC density RCDM 
--
Source of variation df Springt PG Ht HI§ H2iJ Wd df Spring PGH Hl H2 Wd 
P > F P > F 
Block (B) 3 0.850 0.414 0.605 0.258 0.142 3 0.431 0.430 0.093 0.064 0.336 
Species (S) 1 0.935 0.036 0.063 0.176 0.031 1 0.842 0.558 0.082 0.154 0.527 
Error a (Bx S) 3 - - - - - 3 
Cereal grain rate (CR) 2 0.847 0.267 0.423 0.738 0.819 3 0.013 0.011 0.010 0.007 0.335 '-0 N 
SxCR 2 0.733 0.802 0.789 0.609 0.139 3 0.024 0.005 0.889 0.178 0.213 
Error b (B x S x CR) 12 - - - - - 18 
Red clover rate (RR) 4 <0.001 <0.001 0.125 0.001 0.027 4 <0.001 <0.001 <0.001 <0.001 <0.001 
SxRR 4 0.176 0.110 0.700 0.601 0.843 4 0.572 0.318 0.209 0.413 0.320 
CRxRR 8 0.466 0.050 0.487 0.411 0.826 12 0.213 0.657 0.169 0.507 0.495 
S xCRxRR 8 0.426 0.734 0.905 0.857 0.633 12 0.251 0.060 0.133 0.264 0.613 
Error c (Residual) 72 - - - - - 96 
t Spring RC densities counted approximately 7 wk after planting - 13 May 2003 and 5 May 2004. 
t PGH densities counted within a week after harvest- 23 July 2003 and 21 July 2004. 
§ Hl =First 40 d harvest - 22 Aug. 2003 and 23 Aug. 2004. 
~ H2 =Second 40 d harvest performed 80 d following cereal grain harvest - 1 Oct. 2003 and 4 Oct. 2004. 
Table 4. ANOVA for red clover (RC) dry matter (DM) sampling during two 40 d growth periods. The first period commenced 10 
d after cereal grain harvest in the 2003 and 2004 growing seasons near Ames, IA. The second period started 10 d after complete 
aboveground biomass removal at the 40 d harvest of the first period. Red clover was frost-seeded into winter cereal grains in the 
spring of the sampling year. 
2003 2004 
First growth periodt Second growth period:j: First growth period Second growth period 
Source of variation df 10 d 25 d 40 d 10 d 25 d 40 d df JO d 25 d 40 d 10 d 25 d 40 d 
P > F P > F 
Block (B) 3 0.662 0.954 0.605 0.092 0.137 0.258 3 0.140 0.217 0.093 0.679 0.719 0.064 
Species (S) l 0.037 0.020 0.063 0.062 0.085 0.176 l 0.029 0.079 0.082 0.654 0.408 0.154 
Error a (B x S) 3 - - - - - - 3 
Cereal grain rate (CR) 2 O.Gl8 0.089 0.423 0.523 0.844 0.738 3 0.001 0.001 0.010 0.407 0.080 0.007 
SxCR 2 0.053 0.672 . 0.789 0.594 . 0.420 0.609 3 0.091 0.138 0.889 0.565 0.994 0.178 
\0 
\.;.) 
Error b (B x S x CR) 12 - - - - - - 18 
Red clover rate (RR) 4 <0.001 <0.001 0.125 0.101 0.002 0.001 4 <0.001 <0.001 <0.001 0.016 <0.001 <0.001 
SxRR 4 0.052 0.184 0.700 0.727 0.045 0.601 4 0.370 0.495 0.209 0.484 0.826 0.413 
CRxRR 8 0.405 0.915 0.487 0.821 0.386 0.411 12 0.037 0.889 0.169 0.808 0.938 0.507 
SxCRx RR 8 0.956 0.946 0.905 0.292 0.073 0.857 12 0.108 0.714 0.133 0.877 0.983 0.264 
Error c (Residual) 72 - - - - - - 96 
t First growth period 10, 25 and 40 d DM harvests occurred on 24 July, 12 Aug., and 22 Aug. 2003 and 26 July, 9 Aug., and 23 
Aug. 2004, respectively. 
t Second growth period 10, 25 and 40 d DM harvest occurred on 3 Sept., 17 Sept., and 1 Oct. 2003 and 2 Sept. , 16 Sept., and 4 
Oct. 2004, respectively. 
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. Table 5. ANOVA for red clover plant density and dry matter (DM) in the spring after the 
establishment year near Ames, IA. Red clover was frost-seeded into winter cereal grains in 
early spring of 2003 and 2004. 
2004 
Source of variation df Densityt 
P > F 
Block (B) 2 0.277 
Species (S) 1 0.164 
Error a (Bx S) 2 
Cereal grain rate (CR) 2 0.645 
SxCR 2 0.973 
Errorb (Bx S x CR) 8 
Red clover rate (RR) 4 <0.001 
SxRR 4 0.149 
CRxRR 8 0.270 
SxCRxRR 8 0.209 
Error c (Residual) 48 
t Counted on 12 May 2004 and 10 May 2005. 
t Harvested on 11May2004 and 9 May 2005. 
2005 
DMt df Density DM 
P > F 
0.556 2 0.491 0.755 
0.038 1 0.684 0.214 
2 
0.101 3 0.019 0.389 
0.930 3 0.120 0.837 
12 
0.027 4 <0.001 0.057 
0.779 4 0.235 0.773 
0.490 12 0.378 0.447 
0.613 12 0.458 0.935 
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Table 6. ANOVA for red clover neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and crude protein (CP) 
harvested from two consecutive 40 d growth periods post-cereal grain harvest (PGH) and in the spring following the establishment 
year. Red clover was frost-seeded into winter cereal grains in 2003. Data are presented for 2003-04 near Ames, IA. 
40 dPGHt 80 d PGHt Spring§ 
Source of variation df NDF IVDMD CP NDF IVDMD CP NDF IVDMD CP 
P > F 
Block (B) 2 0.133 0.319 0.375 0.140 0.118 0.230 0.092 0.541 0.003 
Species (S) 1 0.134 0.109 0.023 0.168 0.565 0.801 0.249 0.833 0.009 
Error a (Bx S) 2 
Cereal grain rate (CR) 2 0.432 0.349 0.216 0.117 0.178 0.116 0.834 0.537 0.330 
SxCR 2 0.326 0.414 0.164 0.028 0.046 0.280 0.869 0.998 0.685 
\0 
Error b (B x S x CR) 8 Vo 
Red clover rate (RR) 4 0.568 0.054 0.018 0.003 0.026 0.289 0.239 0.177 0.261 
SxRR 4 0.293 0.888 0.293 0.150 0.251 0.050 0.412 0.900 0.355 
CRxRR 8 0.885 0.788 0.516 0.265 0.669 0.942 0.636 0.907 0.589 
S xCRx RR 8 0.524 0.248 0.929 0.765 0.250 0.807 0.823 0.777 0.576 
Error c (Residual) 48 
t Harvested on 22 Aug. 2003. 
t Harvested on 1 Oct. 2003. 
§Harvested 11 May 2004. 
Table 7. ANOVA for red clover neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and crude protein (CP) 
harvested from two consecutive 40 d growth periods post-cereal grain harvest (PGH) and in the spring following the establishment 
year. Red clover Was frost-seeded into winter cereal grains in 2004. Data are presented for 2004-05 near Ames, IA 
40 d PGHt 80 dPGHt Spring§ 
Source of variation df NDF I VD MD CP NDF IVDMD CP NDF IVDMD CP 
P > F 
Block (B) 2 0.241 0.264 0.139 0.569 0.036 0.361 0.164 0.136 0.069 
Species (S) 1 0.110 0.191 0.062 0.934 0.110 0.602 0.659 0.410 0.638 
Error a (Bx S) 2 
Cereal grain rate (CR) 3 0.002 <0.001 0.001 0.213 0.306 0.464 0.085 0.316 0.332 
SxCR 3 0.831 0.903 0.526 0.543 0.512 0.919 0.377 0.298 0.876 \0 
0\ 
Error b (B x S x CR) 12 
Red clover rate (RR) 4 0.009 0.17.4 0.654 <0.001 0.405 0.172 0.017 0.017 0.610 
SxRR 4 0.442 0.546 0.750 0.368 0.439 0.311 0.790 0.625 0.673 
CRxRR 12 0.993 ·o.917 0.251 0.132 0.937 0.910 0.022 0.041 0.183 
S x CRxRR 12 0.644 0.482 0.068 0.217 0.757 0.623 0.809 0.400 0.011 
Error c (Residual) 64 
t Harvested on 23 Aug. 2004. 
t Harvested on 4 Oct. 2004. 
§ Harvested on 9 May 2005. 
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Table 8. ANOV A for late spring soil nitrate (N03-N) concentrations obtained approximately 
3 wk following chemical control of red clover in the spring following the establishment year. 
Com was planted no-tillage into red clover stands near Ames, IA on 14 May 2004 and I 0 
May 2005. Soil samples were collected on 22 June 2004 and 20 June 2005 when com was 
approximately at the V5 t growth stage. 
Source of variation 
Block (B) 
Species (S) 
Error a (B x S) 
Cereal grain rate (CR) 
SxCR 
Errorb (Bx S x CR) 
Red clover rate (RR) 
SxRR 
CRxRR 
S x CRx RR 













































Appendix 2: Cereal Grain Quality Means 
Table 1. Winter cereal grain species and seeding rate effects on grain moisture, test weight 
and protein during the 2003 growing season near Ames, IA. 
Factor Target seeding rate Moisture Test weight Grain protein 
seeds m-2 gkg-1 kg m-3 g kg"! 
Species (S) 
Triticalet 145 628 124 
Wheatt 157 743 105 
LSD (0.05) 1 5 4 
Seeding Rate (CR) 100 154 680 117 
200 150 684 116 
300 151 687 113 
400 149 691 113 
LSD (0.05) 3 7 3 
SxCR 
Triticale 100 148 630 127 
Triticale 200 145 626 124 
Triticale 300 144 624 122 
Triticale 400 143 633 124 
Wheat 100 161 730 108 
Wheat 200 155 741 108 
Wheat 300 157 751 103 
Wheat 400 156 749 102 
LSD (0.05)§ 4 10 4 
LSD (0.05)i/ 3 9 4 
t 'DANKO Presto' winter triticale. 
t 'Kaskaskia' winter wheat. 
§ LSD (0.05) for comparing seeding rate means within species. 
ii LSD (0.05) for comparing seeding rate means across species. 
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Table 2. Winter cereal grain species and seeding rate effects on grain moisture, test weight 
and protein during the 2004 growing season near Ames, IA. 




















LSD (0 .05)~ 
LSD (0.05)# 
t ' DANKO Presto' winter triticale. 
t 'Kaskaskia' winter wheat. 




















~LSD (0.05) for comparing seeding rate means within species. 








































Appendix 3: Red Clover Dry Matter and Forage Quality Means 
Table 1. Influence of winter cereal grain (CG) species and CG seeding rate on dry matter (DM) production of intercropped 
'Cherokee' red clover. Red clover was frost-seeded into the winter CG at rates of 300, 600, 900, 1200, and 1500 seeds m-2 near 
Ames, IA in March of the sampling year. 
2003 2004 
First growth periodt Second growth periodt First growth period Second growth period 
Factor Target seeding rate 10 d 25 d 40 d 10 d 25 d 40 d 10 d 25 d 40 d 10 d 25 d 40 d 
seeds m-2 Mgha-1 
CG species 
Triticale§ 0.11 0.42 1.03 0.39 1.10 1.83 0.46 1.39 2.93 0.21 1.17 2.73 
Wheat1] 0.33 1.02 1.91 0.32 0.93 1.61 0.72 1.73 3.48 0.20 1.22 2.83 _. 
0 
LSD (0.05) 0.13 0.27 NS# NS NS NS 0.14 NS NS NS NS NS 0 
CG seeding rate 
100 - - - - - - 0.89 2.12 3.70 0.19 1.06 2.62 
200 0.28 0.83 1.60 0.34 1.03 1.68 0.69 1.86 3.74 0.19 1.17 2.73 
300 0.21 0.64 1.41 0.34 1.00 1.73 0.44 1.18 2.80 0.20 1.24 2.75 
400 0.16 0.68 1.41 0.38 1.02 1.75 0.34 1.08 2.60 0.23 1.30 3.01 
LSD (0.05) 0.06 NS NS NS NS NS 0.13 0.27 0.50 NS NS 0.13 
t DM production 10, 25 and 40 dafter CG harvest. Sampling occurred on 24 July, 12 Aug. , and 22 Aug. 2003 and 26 July, 9 
Aug., and 23 Aug. 2004, respectively. Means were averaged over the five red clover seeding rates. 
t DM production 10, 25 and 40 d after the first growth period. Sampling occurred on 3 Sept., 17 Sept. , and 1 Oct. 2003 and 2 
Sept., 16 Sept., and 4 Oct. 2004, respectively. Means were averaged over the five red clover seeding rates. 
§ 'DANKO Presto' winter triticale. ~ 'Kaskaskia' winter wheat. #NS= Not significant. 
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Table 2. 'Cherokee' red clover (RC) plant density and dry matter (DM) in the spring after 
the establishment year near Ames, IA. Red clover was frost-seeded into winter cereal grains 
(CG) in early spring of 2003 and 2004. Data were collected in the spring of the 2004 and 
2005 growing seasons. 
2004 2005 
Factor Target seeding rate Densityt DMt Density DM 
seeds m-2 I -2 pants m Mgha-1 I -2 pants m Mgha-1 
CG species 
Triticale§ 235 3.14 124 2.35 
Wheat~ 187 2.81 119 2.62 
LSD (0.05) NS# 0.28 NS NS 
CG seeding rate 100 109 2.32 
200 205 2.97 115 2.45 
300 215 3.08 123 2.53 
400 213 2.88 137 2.65 
LSD (0.05) NS NS 17 NS 
. RC seeding rate 300 116 2.82 64 2.27 
600 166 2.83 98 2.51 
900 204 3.15 125 2.48 
1200 255 2.95 147 2.62 
1500 3.14 3.12 172 2.55 
LSD (0.05) 31 0.26 25 NS 
t Counted on 12 May 2004 and 10 May 2005. 
t Harvested on 11 May 2004 and 9 May 2005. 
§ 'DANKO Presto' winter triticale. 
~'Kaskaskia' winter wheat. 
#NS= Not significant. 
Table 3. Mean neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and crude protein (CP) of 'Cherokee' red 
clover (RC). Red clover was harvested from two consecutive 40 d growth periods post-cereal grain harvest (PGH) and in the 
spring following the establishment year near Ames, IA. Data are presented for the 2003-04 growing season near Ames, IA. 
40 d PGHt 80 d PGHt Spring§ 
Factor Target seeding rate NDF IVDMD CP NDF IV DMD CP NDF IVDMD CP 
seeds m·2 g kg-I 
Cereal grain (CG) species 
Triticale~ 290 696 218 319 660 258 323 753 231 
Wheat# 335 665 187 309 669 260 320 752 229 
LSD (0.05) NStt NS 20 NS NS NS NS NS 
CG seeding rate 100 
200 319 677 199 320 654 264 320 756 228 
300 309 686 205 309 669 258 323 751 233 ....... 
309 679 204 312 669 256 321 751 230 0 400 N 
LSD (0.05) NS NS. NS NS NS NS NS NS NS 
RC seeding rate 300 309 686 209 298 679 256 320 758 230 
600 316 684 206 313 667 261 323 752 234 
900 305 686 203 319 661 258 325 749 227 
1200 314 678 200 316 665 256 316 755 233 
1500 318 670 196 322 650 265 323 748 227 
LSD (0.05) NS NS 8 13 17 NS NS NS NS 
t Harvested on 22 Aug. 2003. t Harvested on I Oct. 2003. §Harvested on 11 May 2004. 
~'DANKO Presto' winter triticale. #'Kaskaskia' winter wheat. tt NS= Not significant. 
Table 4. Mean neutral detergent fiber (NDF), in vitro dry matter digestibility (IVDMD), and crude protein (CP) of ' Cherokee' red 
clover (RC). Red clover was harvested from two consecutive 40 d growth periods post-cereal grain harvest (PGH) and in the 
spring following the establishment year near Ames, IA . . Data are presented for the 2004-05 growing season near Ames, IA. 
40 d PGHt 80 d PGHt Spring§ 
Factor Target seeding rate NDF IV DMD CP NDF IVDMD CP NDF IVDMD CP 
seeds m-2 g kg-l 
Cereal grain (CG) species 
Triticaleif 333 728 182 256 785 223 245 765 230 
Wheat# 347 719 176 257 787 226 247 770 232 
LSD (0.05) NStt NS NS NS NS NS NS NS NS 
CG seeding rate 100 355 703 170 254 786 224 241 768 230 
200 351 712 171 252 790 228 244 770 233 
300 330 735 187 260 785 223 247 766 228 ........ 
400 324 743 189 260 783 222 252 764 233 0 (.;.) 
LSD (0.05) 15 13 8 NS NS NS NS NS NS 
RC seeding rate 300 331 726 177 245 786 227 244 771 234 
600 336 725 180 252 788 224 240 772 232 
900 344 720 179 256 789 227 244 769 230 
1200 345 720 179 270 783 219 249 764 230 
1500 343 725 181 260 784 225 253 760 230 
LSD (0.05) 9 NS NS 8 NS NS 8 8 NS 
t Harvested on 23 Aug. 2004. t Harvested on 4 Oct. 2004. §Harvested on 9 May 2005. 
~'DANKO Presto' winter triticale. # 'Kaskaskia' winter wheat. tt NS= Not significant. 
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